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FOREWORD 

The  research  presented  herein  was  for  the  purpose  of  developing 
equipment  for  investigating  the  static  and  dynamic  stress-strain 
properties  of  large-sized  granular  materials.  In  addition  a  limited 
number  of  static  and  dynamic  test  results  are  presented  on  various 
general  backfill  materials  fran  three  missile  sites  in  the  Un-!  ted 
States.  !Ilie  purpo'"'*  of  this  research  was  to  define  the  stress-strain 
properties  of  large-sized  granular  materials  which  are  frequently 
used  to  backfill  around  protective  structures  such  as  missile  silos 
or  launch  control  centers. ,  >This  work  is  in  conjunction  with  research 

on  propagation  of  ground  shdipk  through  soils  being  conducted  by  the 

\ 

Soils  Division,  U.  S.  Army  Engineer  Waterways  Experiment  Station,  for 
the  Defense  Nuclear  Agency, 

This  report  was  prepared  under  Contract  No.  DACA  39-67-C-0023 
with  t>’e  Department  of  Civil  Engineering,  University  of  Illinois. 
Project  monitors  were  Mr.  J.  G.  Jackson,  Chief,  Impulse  Loads  Section 
and  Mr.  E.  B.  Perry. 

Directors  of  the  Waterways  Experiment  Station  were  COL  John  R. 
Oswedt,  Jr.,  CE,  COL  Levi  A.  Brown,  CE,  and  COL  E.  D.  Peixotto,  CE. 
Technical  Directors  were  Mr.  J.  B.  Tiffany  and  Mr.  F.  R.  Brown. 
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ABSTRACT 

A  testing  device  vhlch  Is  capable  of  testing  one-dimensional 
compression  specimens  U8  Inches  in  diameter  and  up  to  lii  Inches  in 
height  vas  developed  as  a  pcu^  of  this  study.  The  device  is  capable 
of  developing  static  axial  pressures  of  l600  psl  and  dynamic  axial 
pressures  of  at  least  800  psl  with  pressure-rise  times  as  fast  as  3 
msec  vlth  cold  gas  used  as  the  loading  medium.  The  load  is  applied 
to  the  test  specimen  by  mians  of  a  flexible  diaphragm,  and  deflections 
are  measured  by  monltorlig  the  movement  of  the  top  surface  of  the 
test  specimen  relative  tc  the  bottom  surface  vlth  a  slide  vlre  gage 
vhlch  is  mounted  below  the  test  specimen,  ^e  pore  vater  pressures 
may  be  measured  and  the  vater  content  of  the  test  specimen  may  be 
altered  during  a  test  if  desired. 

The  testing  device  vas  proof-tested  following  construction  by  a 
series  o'  calibration  teats  and  a  series  of  static  and  dynamic  tests 
employing  Ottawa  sand  as  a  standard. 

Subsequent  to  the  proof- testing  of  the  testing  device,  an  experi¬ 
mental  study  vas  conducted  to  Inveatigate  the  effects  of  the  varlAtion 
of  certain  parsaeters  on  the  one-dimensional  compression  characteristics 
of  granular  materials  and  Included  tests  on  Ottawa  sand,  crushed  lime¬ 
stone,  Vnbash  River  gravel,  and  Rorth  Dakota  river  gravel.  The  study 
vas,  in  general,  limited  to  a  stress  range  of  from  0  to  $00  pel,  nitheufh 
SOBS  tests  were  carried  to  1000  psi.  The  variation  of  parameter  atud>’ 
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included  investigation  into:  l)  the  effect  of  variation  of  particle 
shape  and  composition;  2)  the  effect  of  variation  of  particle  size;  3) 
the  effect  of  variation  of  gradation;  U)  the  effect  of  saturation  prior 
to  and  subsequent  to  load  application;  and  5)  the  effect  of  rate  of 
loading. 

Soil  samples  were  also  collected  from  three  missile  sites  in 
the  United  States.  Specimens  which  simulated  in  situ  conditions 
were  prepared  from  the  samples  collected  and  subjected  to  both 
static  and  dynamic  loading. 
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CHAPTER  1 


INTRODUCTION 


1.1  STATEMENT  OF  PROBLEM 


Granular  materials  are  used  for  backfill  In  the  construction  of  the 
vast  majority  of  structtires  which  extend  below  the  ground  surface  more  than 
a  few  feet.  In  particular,  granular  materials  have  been  used  as  backfill 
for  many  of  the  burled  missile  structures  and  will  most  surely  be  used  for 
any  future  system  of  shallow  cut-and-cover  structures  built  for  the  protection 
of  personnel  during  a  nuclear  attack. 

The  design  of  such  underground  structures  as  mentioned  above 
necessitates  an  evaluation  of  the  possible  ground  motion  of  the  surrounding 
granular  material,  which.  In  turn,  necessitates  a  systematic  study  of  the 
stress-strain  behavior  of  large-sized  granular  material  such  as  Is  commonly 
utilized  for  backfill.  Ground  motions  resulting  from  blast  loading  are 
generally  separated  for  the  purpose  of  investigation  of  the  effects  Into  two 
separate  categories,  viz.,  air-blast-induced  motions  and  direct-induced 
motions.  This  separation  Is  utilized  for  the  sia^llflcatlon  of  computation 
of  ground  motions;  however,  for  pressure  levels  lover  than  IDOO  psl,  the 
direct-induced  motions  do  not  generally  govern  the  design  and  usually  only 
the  air-blast-induced  motions  are  significant.  Under  such  conditions,  the 
direction  of  propagation  of  the  disturbance  is  nearly  vertical,  and  if  the 
soil  strata  nay  be  assumed  to  be  laterally  confined,  the  problem  may  be 
approximated  by  a  one-dimensional  model,  iberefore,  the  soil  property  of 
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interest  for  predicting  ground  motions  is  the  stress-strain  relation 
observed  in  a  one -dimensional  ccapression  or  uniaxial  strain  test. 

Presently  in  the  United  States,  there  are  a  number  of  devices 
which  have  been  developed  for  testing  specimens  which  are  composed  of 
grantilar  materleils  in  one-dimensional  ccntpresslon.  These  devices  Inclu  le 
those  developed  by  Zaccor,  et  al.  (I965),  Schindler  (I967),  Taylor  (1954), 
Durbin  (1964),  Hendron  (1963),  and  others.  In  all  of  these  devices,  the 
specimen  size  is  limited  to  a  diameter  of  10  inches  or  less  and  a  thick¬ 
ness  of  3  inches  or  less.  Several  devices  have  been  developed  for  the 
testing  of  specimens  conposed  of  gravel-sized  particles  in  one -dimensional 
compression.  These  Include  those  developed  by  BJerrom  (unpublished), 
Marsal  (1965)  and  Fumagalll  (1969).  A  review  of  existing  laboratory  de¬ 
vices  is  given  by  Feese  (1970).  However,  these  testing  devices  are 
limited  in  that  they  are  only  capable  of  static  testing,  and  therefore, 
to  date,  there  has  been  no  device  developed  which  can  measure  the  one- 
dimensional  dynamic  stress-strain  properties  of  gravel-sized  materials. 

1.2  OBJECTIVES  OF  SWDY 

The  objectives  of  this  study  were  l)  to  develop  a  device  capable 
of  testing  granular  materials  with  particle  sizes  up  to  3  Inches  In 
diameter  In  one-dlmenslonal  coopresslon  under  static  and  dynamic  loading 
conditions;  2)  to  teat  backfill  materials  from  certain  selected  missile 
sites;  and  3)  to  conduct  a  variation  of  paremeter  study  on  granular  ma¬ 
terials  coamKinly  used  as  structural  fill  throughout  the  mldwestem  United 
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The  variation  of  peurameter  study  vas  conducted  using  sauries  of  four 
materials.  These  materials  were:  Ottawa  sand,  crushed  limestone,  Vabash 
River  gravel  and  North  Dakota  river  gravel.  The  samples  were  used  to 
investigate  the  effects  on  the  one-dimensional  compression  characteristics  of 
the  variation  of  particle  shape,  mineralogical  con^ositlon,  particle  size, 
particle  gradation,  rate  of  loading,  and  specimen  saturation  prior  to  and 
svibsequent  to  load  application. 

Bie  testing  device  was  developed  as  a  modification  to  the  University 
of  Illinois  Dynamic  Load  Generator  (DLG)  which  is  capable  of  developing 
static  overpressures  of  up  to  1600  psi  and  dynamic  overpressures  of  at 
least  800  psi  with  pressure-rise  times  as  fast  as  3  msec.  The  specimen 
size  for  which  the  DLG  was  designed  was  8  feet  in  height  and  h  feet  in 
diameter,  nie  modification  for  these  tests  included  the  design  and  con¬ 
struction  of  a  pedestal  to  allow  the  testing  of  a  specimen  1  foot  high  and 
U  feet  in  diameter  and  the  design  of  a  deformation  monitoring  system  to 
measure  the  compression  of  the  top  surface  of  a  specimen  with  respect  to 
the  bottom  surface  during  testing. 

After  the  testing  device  was  designed  and  constructed,  the  deforma¬ 
tion  measuring  system  was  proof -tested  for  accuracy  and  the  entire  device 
was  proof- tested  by  a  series  of  static  and  dynamic  tests.  Subsequent  to 
proof -testing,  specimens  of  the  backfill  obtained  froa  three  missile  sites 
were  tested  at  densities  and  water  contents  simulating  as  nearly  as  pos¬ 
sible  in  situ  conditioiu. 


1.3  SCOPE 


In  tha  following  chapter  the  design  end  eonstruetlen  of  the  equlpaent 
used  to  Modify  the  DLO  for  deteraining  the  one-dlBanalenel  stresa-etrein 
beerier  la  presented.  The  pressure  and  deforaetlon  Beesurlng  systeae  utilised 
for  static  and  4p&aalc  tests  are  diiscrlhed.  Also,  the  factors  considered  in 
the  design  of  the  e^ulpaent  are  discussed  In  detail. 

Chapter  3  descrlhes  the  proof-testing  of  the  deforaatlsa  aeasuring 
systea  and  of  the  derlee  with  a  test  speelaen.  The  procedure  followed  for 
speelasn  plaeeaent  la  described  and  the  results  of  the  proof-testing  prograa 
are  presented.  The  results  of  the  proof-testing  with  Ottawa  sand  are 
coopered  with  the  results  on  Ottawa  sand  obtsaned  with  ether  dewlees. 

Incidental  preblasa  whldi  were  discovered  are  reported  In  detail.  The 
effect  of  seating  error  and  an  analysis  of  the  pressure  distribution  over 
the  top  surfacs  of  the  test  speciaen  are  also  discussed. 

Chl^pter  k  describes  tlM  variation  of  parasNtor  study  condueted  on 
saiplee  of  the  two  river  gravels  and  the  crushed  liaestone  in  addition  to 
the  standard  Ottawa  sand.  Tha  granular  naterials  tested  are  dascribed  in 
detail  and  the  effects  of  particle  dMpe,  oiBoralogieal  eavcoitlen,  particle 
sise,  particle  gradation,  rate  of  lending,  and  the  effects  of  spsoiafto  satu¬ 
ration  prior  to  and  sdbooguant  to  lead  application  are  discussed  in  detail 
utilising  tha  test  results  dhtaiasd. 

Chapter  5  presents  a  swBsiy  of  this  study  ssd  ecnclusions  regarding 
the  psrferasnee  of  the  eos  dlnsoslonal  eosgrossien  dovice  and  tte  varlatisa 
of  par— tor  study.  Suggsstions  ors  nodo  fbr  future  reeearoh  uhleh  appears 
JustiflShlo  ia  view  of  the  test  results  ehtoinod  in  this  study. 
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Appendix  A  presents  the  results  of  the  dynamic  tests  on  the  samples 
from  the  missile  sites.  Appendix  B  presents  a  brief  description  of  the 
DLG  and  describes  the  operation  of  the  loader. 
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CBAPm  2 

OESna  AID  DBVSLOPIOT  OF  aQUIMR 

2.1  imOCMCTKa  AMD  SaMAlg 

I^rBadQ  Load  Oaaarator  (T&iQ)  vas  eonatraetad  priaarily  for 
tha  study  of  atatle  and  dyaaaie  raapoosaa  of  atruetoral  aodala  wtaddad 
la  toll  apaclMna,  arching  la  toll*  aoll-atroetura  lataraetloa»  and  atraaa- 
wava  propagation.  To  fnelUtata  sudt  lavaatlgatloaot  tha  aoU  eoatalnar 
vaa  eoaatmetad  to  accoMOdata  a  taat  apadaan  ^  faat  la  dlasatar  end  8 
faat  daap.  lha  utlUsatloa  of  tha  ILO  for  Inraatlgatlon  of  tha  atrasa- 
strain  h^arlor  of  eoaqpaetad  soils  and  rockfUl  aatarlals  la  oaa-diaaaaloaal 
eoaprasslMi  ra^rad  tha  dsalga  and  coastruetloe  of  a  dafbxaailea  aaasurlag 
systaa  eapahla  of  aoaltorlag  tha  dafoxaatlea  of  a  taat  spaelaaa  dorlag 
dyaaaie  or  atatle  loading  sad  tha  aodlfleatloa  of  tha  apaelasa  eoatalacr 
to  paxait  taatlng  of  a  apaeliMi  with  a  ratio  of  dlaaatar  to  height  of 
graatar  thaa  oaa. 

lha  aodlfleatloa  of  tha  apaelaaa  eoatalnar  to  taat  a  apaelaaa  of 
thlc'naaa  laas  thaa  6  foot  aaeaoaltatad  tha  eoaoldaratloa  of  four  prlaary 
faetorst  ats.*  sidewall  frletlea  aetlag  oa  tha  spaeiaaa»  aufflelaBt  gaga 
laaglh  to  radaea  beuadaiT  aad  aoanatfMmiy  of  apaelaaa  affaeta*  dyaaaie 
raapoaaa,  aad  elaetrleal  aeoaaa  to  aad  houalag  of  last  rwBaatrt  lea,  lha 
lastraamtatloa  aystaaa  ware  doalgaad  la  aeeordaaea  with  erlt«rla  aatah« 
llriMd  hy  tha  aatlelpatiid  hahavtor  of  aedl  aad  toekflU  apaetaaaa  durligi 
taotlag.  fhaaa  eritarla  ware  aa  faUoaat  1)  tta  dafeeaatloa  aaaaarlag 
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•yttMi  aust  ■eeur«t«ly  aewur*  the  deforaetlon  of  the  top  eurfece  of  the 
test  speelnen  reletlve  to  the  hottoa  aurfeee;  2)  the  pressure  sMeei  rf'tg 
system  must  eeciiretely  meesure  the  pressure  aetlnc  over  the  surfacf-  't  the 
test  speeiasa;  3)  the  deforsetioa  and  pressure  neasuriag  systems  must  he 
electronic  to  enshle  recording  during  dynamic  testing;  k)  the  defomation 
and  pressure  Masuring  systems  samt  he  prot  'cted  from  moisture  in  the 
test  specimen;  $)  the  defOrmatim  measuring  system  must  he  capable  of 
measuring  deformations  as  large  as  2  inches  witl)  a  threshold  of  approxi¬ 
mately  0.001  inches;  and  6)  the  instrumentation  systems  most  not  slgnifi- 
cantly  affect  the  stress-strain  hehavi<nr  of  the  test  specimen. 

the  modification  of  the  spc  ui  c<wtalaer  vaa  aeconipliahed  hy 
the  deai^i  and  construction  of  a  reinforced  concrete  pedestal  with  a 
top  plate  of  2-indi-thi^  steel  and  a  hettcm  plate  of  l-in^-thiek  steel, 
the  overall  pedestal  heii^t  was  82.23  inches,  thus  permitting  a  teat 
specimen  thicknees  of  approximately  12  indies,  and,  conse^tuently,  a  speci¬ 
men  aspect  ratio  (ratio  of  epeeimen  diameter  to  heiid^t)  of  approxiaately 
four.  Urn  large  aspect  ratio  served  to  minialte  sidewall  friction  effects 
sad  permitted  testiag  of  speeimans  with  peiticle  sisee  of  the  order  of 
3  in^ee.  the  draamle  Teepoase  of  the  pedestal  vas  aueh  that  the  prsesura- 
rlse  tiama  saglaysl  la  this  study  eemld  he  considered  as  static.  The 
pedestal  Is  shewa  ia  plane  la  the  OIA  apeoimea  eoataiaer  la  Plgure  2.1. 

tha  preesare  meeserlag  eyatem  utilised  for  this  stilly  eas  the 
e«a  aa  that  erlflaally  dsseleped  for  the  HA.  the  pceeawre  ectlag  evMr 
the  top  surfoee  of  the  test  spinlaaa  dartag  regdd  tsetlag  eae  eeaesd  tqr 
netier  gusvtt  praesera  traaedneern  lAich  eere  loeated  la  tha  seal  riag  of 
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the  DlXf.  During  static  testing  the  pressure  acting  on  a  test  specimen 
was  monitored  by  a  Bourdon-type  gage  connected  to  the  expansion  chamber* 

The  deiTormatlon  measuring  system  employed  consisted  of  a  slide 
wire  gage  mounted  in  the  top  plate  of  the  pedestal  and  actuated  by 
the  movement  of  a  steel  deformation  plate  which  rode  on  the  top  sur¬ 
face  of  the  test  specimen.  The  movement  of  the  deformation  plate  was 
transmitted  to  the  slide  wire  g€ige  by  an  actuating  rod  which  served 
as  a  mechanical  link  between  the  deformation  plate  and  the  electrical 
pickup  of  the  slide  wire  gage.  Hie  slide  wire  gage  had  a  threshold  of 
0.0003  inches  and  was  capable  of  measuring  deformations  of  up  to  4.5  Inches. 
The  repeatability  of  the  gage  was  shown  to  be  better  than  99%-^  de¬ 
formation  plate,  which  was  constructed  of  l/8-inch  steel,  was  very 
flexible  compared  to  the  stiffness  of  the  test  specimens  so  that  the 
stress  dirtribution  acting  on  the  top  surface  of  the  test  specimens 
was  nearly  unaffected  by  the  presence  of  the  deformation  plate. 

The  actuating  rod  was  protected  from  frictional  forces*  which 
could  be  imposed  upon  it  by  the  soil  specimen  by  a  l-lnch»diameter  bellows 
which  was  flexible  in  the  axial  direction  and  stiff  in  the  radial  direction. 
The  bellows  is  shown  installed  in  Figure  2.Z  and  a  working  drawing  of  a 
segment  of  the  bellows  la  presented  in  Figure  2.3*  The  bellows  cooqpletely 
encased  the  actuating  rod  from  the  top  plate  of  the  pedestal  to  the  bottom 
side  of  the  deformation  plate.  The  actuating  rod  was  protected  from  con¬ 
tact  with  the  bellows  by  a  rigid  stainless-steel  tube  which  was  enclosed 
by  the  bellows.  TTie  stainless-steel' tube  was  rigidly  mounted  in  the  top 
plate  of  the  pedestal  and  enclosed  the  actuating  rod  to  a  height  such  that 
the  anticipated  deformation  of  the  soil  specimen  could  occur  without  contact 
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betveea  the  deforwation  plate  and  the  tube,  ^e  defomation  measuring 
syeteiD  is  ehofwn  in  place  in  the  soil  container  in  Figure  2.2. 

2.2  Pedestal  Deeign  and  Construction 

2.2.1  Design  Consideration 
2. 2. 1.1  Introduction 

In  order  to  obtain  a  more  favorable  aspect  ratio  for  one-dimensional 
coeipresslon  tests,  a  pedestal  was  designed  and  constructed  to  reduce  the 
effective  height  of  the  soil  container.  In  the  design  of  the  pedestal, 
four  considerations  vere  of  primary  importance.  Ihese  design  considerations 
vere  as  foUova:  1)  the  teat  specimen  enist  be  thick  enou^  that  boundary 
effects  at  the  top  and  bott<»  of  the  test  specimen  are  minimised,  even 
when  testing  materials  vith  particle  sites  approaching  3  inches,  and  to 
ensxxre  that  vertical  deformation  of  the  surface  of  the  specimen  may  be 
accurately  measured  to  the  nearest  Q.OOl  inch,  and  thin  enouiii  so  that 
the  aspect  ratio  (D/R)  of  the  test  specimen  viU  be  as  large  as  possible 
in  order  to  minimise  sidewall  friction  effects;  2)  the  pedestal  smst  be 
constructed  such  that  the  dynamie  response  of  the  pedestal  does  not 
significantly  influence  the  behavior  of  the  test  specimen  during  loauling; 
and  3)  the  pedestal  must  provide  a  means  for  housing  deformation  measuring 
instrumentation  as  veil  as  access  ports  to  allow  hydraulic  eoBmiunl cation 
to  the  specimen  and  outlets  for  vires  connected  to  transducers  vithln 
the  specimen. 


2. 2. 1.2  Rei^t  of  Pedestal 

nie  hel^t  of  the  pedestal  vu  detersdned  by  the  height  of  the 
test  specimen  required  and  the  hei^t  of  the  ISLO  soil  container.  !Rie 
diameter  of  a  soil  test  specimen  vas  fixed  by  the  diameter  of  the  soil  con¬ 
tainer  (48  inches);  therefore,  the  hel^t  of  the  test  specimen  was  deter¬ 
mined  by  consideration  of  sidewall  friction  and  the  accuracy  required  for 
defoxmtion  measurements  of  the  top  of  the  specimen. 

The  larger  the  test  ai>eeimen  thickness,  the  larger  the  axial  de¬ 
formation  under  a  given  axial  pressure  and  the  greater  the  possible  accuracy 
in  measuring  the  deformation  with  a  given  deformation  measuring  device. 
However,  the  greater  the  specimen  hel^t,  the  less  favorable  th;  aspect 
ratio  of  the  test  specimen  with  respect  to  sidewall  friction.  The  effect 
of  aspect  ratio  on  the  transmission  of  static  stress  throu^  sand  in 
cylindrical  tanks  has  been  investigated  by  ALbott  (19^T).  Abbott's  re¬ 
search  showed  that  with  an  aspect  ratio  of  four,  one  could  expect  at 
least  a  transmission  of  and  that  if  a  gjeased  liner  is  iwed  between 
the  specimen  and  the  tank  wall,  the  miniiaun  transmission  increases  to 
approximately  90)(  for  a  steel  tank.  Further,  analysis  of  work  done  by 
Rohnaller  (19^)  and  Paul  and  Qoel  (1968)  indicated  that  the  transmlsBion 
of  static  stress  with  an  aspect  ratio  of  one  should  be  greater  than  90K  if 
a  neoprene  tank  liner  is  used  with  lubriplate  grease  between  the  steel 
wall  and  the  neoprene  liner.  Lubriplate  grease  used  in  conjunction  with 
a  neoprene  liner  were  determined  to  be  the  most  efficient  taiik  liner 
and  lubricant  in  a  study  conducted  by  Prendergast  (1968) .  Thus  from  the 
standpoint  of  sidewall  friction  with  a  steel  container,  an  aspect  ratio 


of  «iipro3d.mat«ly  fbtu*  used  In  conjftmetloa  vlth  a  tank  liner  and  Lubrlplate 
grease  resulted  In  static  stress  trsnssdaslon  of  at  least  90](  and  probably 
greater  than  93% • 

AsstDDing  a  soil  speelnen  aspect  ratio  of  four  and  a  constrained 
nodulus  of  50,000  psl,  the  deformations  vhleh  would  result  from  an  axial 
stress  of  as  low  u  100  pal  can  be  demonatrated  to  be  of  sufficient  magni¬ 
tude  to  be  accurately  measured  by  a  deformation  measuring  device  vlth  a 
resolution  of  0.001  inches.  If  an  Instrumentation  resolution  of  0.001 
Inches  is  assumed,  the  deformation  resulting  from  an  overpressure  of  100  psl 
can  be  measiured  to  within  %ls  is  a  conservative  estimate  of  the 
accuracy  attainable  In  the  study  conducted,  since  typical  constrained 
moduli  of  Interest  were  on  the  order  of  10,00C  to  30,000  pel. 

Based  on  the  considerations  of  sidewall  friction  and  magnitude  of 
axial  deformation  as  discussed  above,  a  specimen  hel^t  of  12  Inches  was 
selected.  A  test  specimen  of  12  Inches  provided  sufficient  thickness  to 
virtually  eliminate  boundaiy  effects  whlcdi  miidit  have  been  Induced  by 
too  thin  a  specimen  and  to  preclude  any  significant  nonunlformlty  in  test 
specimens . 

i 

An  additional  consideration  affected  the  design  helj^t  of  the 
pedestal.  Ihe  successful  completion  of  a  static  or  dynamic  test  on  a 
given  specimen  Is  dependent  on  the  Integrity  of  the  loading  diaphragm.  If 
the  loading  diaphragm  were  to  bear  directly  on  test  specimens  such  as 
crushed  limestone,  the  dla^ra^i  c  certainly  be  ruptured  by 

the  sharp  particles  or  would  exceed  Its  tensile  strength  in  being  extruded 
Into  the  voids  near  the  surface  of  the  specimen.  In  order  to  preclude 
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such  a  failure  of  the  loading  dlaphragmi  the  helf^t  of  the  pedestal  in¬ 
quired  for  a  test  specimen  vas  reduced  by  2  inches.  %e  additional  2 
inches  vas  filled  vlth  Ottawa  sand  which  functioned  as  a  citshlon  for  the 
loading  diaphragm.  Invasion  of  the  Ottawa  sand  into  the  test  specimen  was 
prevented  by  a  cushion-specimen  interface  meiid>rane.  The  interface  membrane 
vas  retained  against  the  soil  specimen  container  liner  by  a  claiiq;>ing  ring. 
The  placement  procedure  is  described  in  Section  3.3.2.  nie  general 
features  of  the  soil  specimen  container  are  illustrated  in  Figure  2.2. 

2. 2. 1.3  Oynamlc  Response  of  Pedestal 

The  testing  program  performed  under  this  study  included  tests 
which  were  to  determine  the  one-dimensional  behavior  of  soils  under  dynamic 
conditions  as  discussed  in  Section  1.2.  Thus,  the  loading  rates  varied 
from  static  to  pressure-rise  times  of  25  msec.  The  dynamic  tests  usually 
employed  a  pressure-rise  time  of  approximately  25  msec,  a  dwell  time  of 
25  msec,  and  a  decay  time  of  300  msec. 

Because  of  the  dynamic  character  of  the  imposed  load  on  the  soil 
specimen  and  pedestal,  the  dynamic  response  of  the  pedestal  was  a  factor 
which  Influenced  the  pedestal  design.  The  incident  pressure  pulse  on  the 
top  of  the  pedestal  is  probably  best  treated  as  a  step  pulse  having  a 
versed  sine  or  cycloidal  pressure-rise  shape.  Examination  of  the  response 
of  a  system  with  respect  to  maxi max  displacement  reveals  that  if  the  ratio 
of  the  pressure-rise  time  to  the  fundamental  period  (t/T)  is  greater  than 
two,  the  system  will  b^ave  as  if  the  pressure  were  applied  statically. 
Figure  thus,  dynamic  considerutlons  dictated  that  the  pedestal  be 
constructed  such  that  the  fundamental  period  would  be  less  than  about 


10  msec 


Assuming  the  pedestal  to  be  coag^sed  of  reinforced  concrete*  the 
natural  period  of  the  pedestal  vas  computed  assuming  the  pedestal  to  be  a 
spring-mass  system  and  assuming  the  pedestal  to  be  a  solid  cylinder, 
Timoshenko  (195?) •  nie  eonqputations  of  the  natural  frequency  of  the  pedestal 
by  both  methods  &re  presented  in  Figures  2,5  and  2,6. 

2.2.I.I1  Bousing  of  Znstruawntation  and  Access  to  Test 
Specimen 

The  position  of  the  test  specimen  relative  to  the  lov^er  of  the 
DLG  and  the  decision  to  use  a  slide  vlre  type  gage  to  monitor  the  deformation 
of  the  test  specimen  required  that  for  dynamic  tests,  the  slide  wire  gage 
be  located  vlthin  the  pedestal.  This  location  vas  particularly  favorable 
because  if  a  deformation  gage  vere  to  be  mounted  to  any  part  of  the  system 
other  than  the  pedestal,  such  as  the  forging,  then  the  sovement  of  the  top 
plate  of  the  pedestal  relative  to  the  gage  aiount  vould  have  to  be  monitored 
during  a  test.  The  deforaatlon  of  the  test  specimen  would  then  be  computed 
as  the  difference  between  the  apparent  deformation  as  indicated  by  the 
slide  wire  gage  and  the  movement  of  the  top  plate  of  the  pedestal.  Thus, 
the  top  plate  of  the  pedestal  vas  designed  vltb  a  central  port  to  accept 
a  plug  which  served  as  a  mount  for  the  slide  wire  gage.  Also,  the  central 
portion  of  the  pedestal,  immediately  below  the  top  plate,  was  designed  with 
a  cavity  to  house  the  slide  wire  gage. 

The  existence  of  the  void  beneath  the  center  of  the  top  plate  of 
the  pedestal  and  the  discontinuity  in  the  top  plate  led  to  deflection  of 
the  center  of  the  top  plate,  i.e.,  the  central  instnassntation  port.  The 
deflection  of  the  Instrumentation  plug  under  static  loads  can  bo  computed 
by  making  certain  simplifying  assumptions.  The  lip  of  the  top  plate  of 
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the  pedestal,  vhich  the  Inatnmentation  plug  rests  upon,  vas  supported  h]r 
the  pedestal  at  a  dlsMter  of  7*650  in^es.  A  eonserratlve  assuaptlon 
regasrdlng  support  conditions  is  that  the  plug  Is  slaply  supported  at  Its 
edge.  The  deflection  of  the  plug  la  cosgputed  In  figure  2.T,  emplogrlng 
expressions  for  the  deflection  of  a  slnply  at^ported  circular  plate  as 
presented  by  Tlnoshenko  (1959)* 

Assundng  that  a  test  specimen  has  a  secant  modulus  of  100,000  pal, 
an  axial  pressure  of  1000  pal  yields  an  axial  strain  of  Ij^,  and,  vlth  an 
Initial  specimen  thickness  of  12  inches,  an  axial  deformation  of  0.12 
inches.  The  resulting  error  caused  by  deflection  of  the  instrumentation 
plxig  amounts  to  less  than  0.5^,  and  is  insignificant,  further,  the  de¬ 
flection  of  this  central  plug  during  testing  vas  reduced  by  arching. 

Electrical  access  ports  were  provided  in  the  bottom  of  the  ISiO 
soil  container.  A  3>lneh-dlsmeter  pipe  leading  from  the  slide  vlre  gage 
housing  through  the  pedestal  and  matching  the  position  of  one  of  the  ports 
in  the  soil  container  served  as  passage  for  the  electrical  leads  from  the 
slide  vlre  gage. 

In  order  to  permit  other  instrumentation  vithin  the  soil  specimen, 
four  additional  small-dlamster  instrumentation  ports  vere  included  in 
the  design  of  the  top  plate  of  the  pedestal.  The  ports  vere  located  to 
natch  the  access  ports  in  the  bottom  of  the  soil  comtainer.  All  ports 
sad  plugs  vere  designed  for  O-rings  so  that,  if  desired,  airtight  integrity 
of  the  specimen  could  be  maintained.  Special  purpose  plugs  and  blank  plugs 
vere  designed  and  constructed  to  be  fitted  into  the  iastrueeBtaticn  pecrts. 


15 


Tvo  plugs  ver«  designed  and  constructed  to  allov  saturation  of 
speeiasns.  A  working  drsnrlng  of  these  plugs  Is  presented  in  Plgure  2.8. 

When  these  plugs  were  eaployed,  copper  tid>ing  was  passed  froa  a  water  source, 
throu^  the  concrete  pedestal,  and  cc  nected  to  the  plugs.  When  Rydrocal 
was  used  on  the  top  plate  of  the  pedestal  to  prevent  seating  errors  with 
coarsegrained  sasvlea,  the  water  inlet  holes  were  covered  with  tape 
prior  to  the  pouring  of  the  Rydrocal  and  the  plbceaent  of  the  first  lift 
of  the  speclaen.  After  the  Rydroeal  hardened,  the  Material  issBedlately  over  the 
inlet  holes  was  rsMOved  and  the  Rydroeal  and  tape  over  the  water  inlet 
holes  reaoved.  The  placeswnt  of  the  additional  lifts  of  the  speclMan 
was  then  canpleted. 

One  plug  was  designed  and  constructed  to  provide  a  wans  to  relieve 
the  air  pressure  built  up  during  saturation  of  test  speciwns.  A  working 
drasring  of  this  plug  is  presented  in  Figure  2.9.  As  the  water  invaded  the 
test  speeiaen  being  saturated,  the  pore  air  pressure  increased  since  the 
top  of  the  speeiaen  was  s'  aled  by  the  loading  diaphrags.  The  de-alrlng 
line,  whldt  was  a  copper  tiibe  passing  through  the  test  spaclwn  and  open 
at  the  t<9  was  connected  to  the  bottosi  of  the  de>alring  plug  and  passed 
throu^  the  concrete  pedestal  and  was  vented  to  the  ataoaphere  with  the 
open  end  at  the  sasM  elevntion  as  the  top  of  the  twt  speciwn  within 
apprcadaately  1  inch.  This  line  also  served  to  Maintain  the  level  of  the 
water  at  the  top  of  the  speeiasn. 

Finally,  a  third  special  purpose  plug  was  deeigwd  to  Monitor 
the  pare  air  ^wsure  inside  the  test  speciwas  which  were  tested  in  an 
air>dry  etate.  This  spaeial  purpose  plug  was  deeigied  with  e.  ^rom  stone 
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expoaed  to  the  test  speelMo  end  eonnested  to  a  Bourdoo-trpe  gage  external 
to  the  teat  epeeiaen  ehaid>er.  A  working  drawing  of  this  plug  la  preaented 
in  Figure  2.10. 

2.2.2  Conetruction  Detaila 

Baaed  on  the  deaign  eonaiderationa  preaented  in  Section  2.2.1, 
the  pedeatal  v<«e  eonatrueted  of  reinforced  concrete  with  top  and  hottcai 
ateel  bearing  platen,  the  pedeatal  la  ahown  In  place  in  the  I3L0  aoil 
container  in  Figure  2.1  and  a  detailed  working  drawing  of  the  pedeatal  ia 
preaented  in  Figure  2.11. 

The  top  plate  of  the  pedeatal  waa  eonatrueted  of  2-lneh-thidc  212 
Grade  B  firebox  ateel.  The  plate  waa  aachlned  to  a  diaaeter  of  ^T.955 
Inehaa  with  an  0-rlng  groom  cut  to  facilitate  a  watertight  aeal  between 
the  top  plate  and  the  aoil  container  wall.  InatruBentation  aeeeaa  holea 
and  lift  holea  were  cut  in  the  top  plate.  Three-^lceh'^amter  elaetriealljr 
welded  plpea  centered  on  the  InatruBaataticn  aeeeaa  holea  and  eontinuoua 
between  the  top  and  bottoa  platen  were  provided  aa  eonduita  for  electrleal 
and  hFraullc  leada  to  the  apeciaen.  Lifting  nuta  (1-6,  C12B,  TMdp-proof 
load)  were  welded  to  4-x  b-dneh  aild  ateel  i^tea  whidi  were  welded  to 
tbu  bottoB  aide  of  the  top  plate  centered  ermr  the  lift  holea.  The  lifting 
mita  were  eacaoed  ia  capped  l6>giuta,  >-ii>eh  dlBwatar,  electrieaUjr  welded 
pipea. 

Xatenaedlate  greda  Bo.  h  reinforcing  rode  were  welded  to  the 
bottoB  aide  of  the  top  plate  and  to  the  botton  plate  3«lA  inehee  to  either 
aide  of  the  center  liner  of  the  Ufting  poiafte  fhr  the  fedaatel.  Ihlrtv  tnterw 
■ndXate  grade  In,  3  reinfnretng  rode  nt  e  gpnatNi  ef  If*  and  on  a  rattan  of  80.3 
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inehe*  were  velded  to  the  hetton  of  the  top  plete  end  to  the  top  of  the 
bottOB  plate  vlth  Intemedlate  grade  Ho.  2  reinforcing  rode  uaed  as  tie 
bars  at  the  third  points  of  the  longitudinal  steel.  Finally,  elj^t  12~lneh 
lengths  of  Intemedlate  grade  Ho-  3  reinforcing  rods  vere  welded  to  the  top 
plate  on  a  radius  of  iH  Inches  to  serve  as  anchor  studs  for  the  top  plate. 

A  fora  for  the  pouring  of  the  concrete  pedestal  was  constructed 
of  10-gaxige  steel,  the  fora  was  forced  into  a  groove  cut  Into  the  bottom 
side  of  the  top  plate  and  welded  Into  place.  The  top  plate  was  utilited 
as  a  tea^raxy  base;  the  Instrunentatlon  conduits  and  reinforcing  rods 
vere  positioned  with  a  teaqplate;and  the  pedestal  fora  was  filled  with  con¬ 
crete.  After  the  concrete  was  poured,  the  bottom  plate  was  placed  and 
welded  to  the  reinforcing  rods  leaving  a  3/^-lnch  void  between  the  ccncreta 
and  the  bottom  plate.  The  void  was  filled  with  non-ehrink  Aibeeo  grout 
after  the  Initial  shrinkage  of  the  concrete.  The  bottom  plate  was  con¬ 
structed  of  l-lnch-thlck  firebox  steel. 

Two  concrete  test  cylinders  (6  x  12  Inches)  vere  pourvd  during 
the  placing  of  the  concrete  for  the  pedestal.  The  28-dny  strengths  of  the 
cylladers  were  ^280  and  $022  pal.  The  stress-strain  curves  for  these 
eyllndera  are  presented  in  Hlgures  2.12  and  2.13. 

In  order  to  eliminate  the  necessity  of  providing  a  grout  bed  for 
the  pedestal  eadi  time  It  was  placed  in  the  soil  conttiaer  to  level  the 
top  plate,  the  bottom  plate  was  aaehiaed  parallel  to  the  top  plate.  The 
eeeter  lines  of  the  t^  and  bottom  plates  did  not  and  need  not  have  the 
same  center  line  since  the  bottom  plate  and  the  pedestal  fum  are  Inchaa 
in  dlsmsW  and  tbs  soil  container  iaPlde  dtlmeter  la  h9  Inches.  Before 
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pouring  craerete  for  tho  podeotal,  the  form  vu  fixed  eueh  that  the  exliiH 
drieal  vail  did  not  deviate  more  than  0.25  inches  from  the  vertical  over 
the  entire  height.  Thus,  vhen  the  pedestal  vas  in  the  soil  containert  the 
top  plate  vas  exactly  centered  in  the  soil  container  and  the  bottos  plate 
vas  net;  howevert  the  top  and  hottcm  plates  vere  parallel. 

2.3  nSTBagWifflOB  MBia  ASH  OOlSKtXnOi 
2.3.1  Pressure  Msesurlng  System 

The  pressure  Bsasuring  systeai  employed  in  this  study  vas  identical 
to  that  originallor  developed  fOr  the  ELO.  During  dynaadc  testing,  the 
pressure  acting  over  the  top  surfeee  of  the  test  specimen  vas  sensed  by 
Kistler  quarts  pressure  transducers ,  Nodal  lee.  601>A  and  6o6-A.  the  trana* 
dueers  vere  installed  in  their  respective  notmta  and  placed  in  the  seal 
ring  parts  of  the  ECiO.  the  preeavEre  tranadueeTS  produce  an  electrical 
Aarge  proportional  to  the  chaags  in  pressure  to  vhleh  they  wre  siAJected; 
therefore,  by  groendiag  the  transdueem  iamadiately  prior  to  the  ap|4ieatloa 
of  the  dynamle  overpressure  and  ssheoqueat  to  the  applloailen  of  Uio  statie 
preload,  the  mseeured  preesvsieo  eerreaponded  to  the  dynamic  inirr ament  only, 
the  electrical  Vargas  produced  hp  the  prmeure  transducere  vere  oomverted 
to  voltogee  by  Idatler  eleetroeteitie  dwrgs  meplinero.  Nodal  lo.  fOMCA. 
the  emtpute  of  tho  charge  rngpll  flare  vere  recorded  oa  tape.  Tmme  dial  sly 
prior  to  the  tost,  a  enUbrattoe  etop  eorreepondlag  to  the  amtlcipmtod 
dyMsde  qvarpreeeuie  eee  recorded  on  tego  uUliilat  tho  Kietler  charge 
m^ffm  ami  Kiatler  Nahsl  Aargs  eeUbrmteie 
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tChe  seal  ring  vas  tapped  at  twelve  locations  to  provide  ports  for 
the  installation  of  pressxire  oeasuring  devices,  niese  twelve  locations 
were  sucb  that  the  pressure  aeasuring  devices  could  be  located  directly 
beneath  or  in  between  loading  nachines  Hos.  1,  2,  3,  5,  6,  and  7.  The 
loading  aaichlnes  are  described  in  Appendix  B.  The  location  of  the  pressure 
measuring  deviees  as  described  above  provided  a  means  for  evaluation  of 
the  time  of  tiring  of  the  machines  relative  to  one  another  with  the  ex- 
ceptloo  of  aa;^ne  lo.  and  provided  a  means  for  an  evaluation  of  the 

xmlfoxmlty  of  pressure  at  least  along  the  periphery  of  the  expansion 
chamber.  A  study  of  the  uniformity  of  pressure  over  the  surface  of  a  test 
specimen  by  the  evaluation  of  accelereamter  records  and  pressure-time  traces 
has  been  made  and  reported  by  Prendergaat  (19^).  The  results  of  this 
study  indicated  that  for  very  fast  rlae  times  on  the  order  of  3  msec,  the 
maximum  pressure  variations  are  less  than  205  of  the  peak  surface  pressures. 
An  analysis  of  the  pressure  variation  over  the  surface  of  a  test  specimen 
is  presented  in  Section 

lAving  static  taatlng»  the  Klatler  transdueere  were  r^aoved  and 
the  porta  plugged.  13m  pressure  acting  on  the  specimen  vas  monitored  by 
a  Bourdon-type  gags  which  vas  coimeetad  to  the  axpansloa  chamber. 

2.3.2  Deformation  Mtaauring  System 
2. 3. 2.1  Design  Cnoalderationa 
2. 3. 2. 1.1  latroductlon 

Hw  daaigm  of  tha  DU  did  not  laava  aueh  latitude  fOr  tha  dcatgm 
of  tha  daformatlon  maaaurlng  ayatam.  Tha  axpansion  chamber  wee  deeigned 
to  he  am  small  mm  poasihle  to  reduce  the  expeaslon  of  the  loeding  medium  end 
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thereby  maintain  a  large  ratio  of  final  pressure  to  charging  chaidber  pressuxv 
without  making  the  expansion  chamber  so  small  as  to  result  in  large  pressure 
gradients  over  the  surface  of  the  test  specimen.  Because  of  the  small  ex¬ 
pansion  chaaiber  volume,  the  location  of  a  deformation  measuring  system  in 
the  expansion  chamber  van  impractical,  if  not  iiqtossible,  for  dynaadc  tests. 
Also,  because  of  the  relative  movement  between  the  DLO  forging  and  the  soil 
container,  a  deformation  measuring  device  mounted  anywhere  except  to  the 
top  plate  of  the  pedestal  would  require  a  correction  for  the  movement  of 
the  gage  mount  relative  to  the  top  plate  of  the  pedestal.  Therefore,  the 
design  of  the  DIG  required  that  the  deforsiation  measuring  device,  at  least 
for  dynamic  tests,  he  mounted  to  the  top  plate  of  the  pedestal.  The  sieve- 
isent  of  the  top  surface  of  the  teat  specimen  relative  to  the  top  plate  of 
the  pedestal  was  transmitted  to  the  gage  by  a  mechanical  link  between  a 
defoniatlon  plate  resting  on  the  top  surface  of  the  specimen  and  the  gage. 

2. 3. 2. 1.2  Selection  of  Gage 

The  selection  of  the  type  of  gage  to  be  built  to  monltori  deforma¬ 
tions  was  based  primarily  upon  consideration  of  the  magnitude  of  the  de¬ 
formations  to  be  measured.  Based  on  the  results  obtedned  by  other  researchers, 
strains  of  the  order  of  10  to  13!{,  or  deformations  of  the  order  of  2  Inches, 
were  anticipated.  Moreover,  because  of  the  S-shaped  stress-strain  be¬ 
havior  typical  of  soil  materials  in  one-dlmsnslonal  compression,  a  threshold 
of  the  order ’^f  0.001  inches  was  rsqulred  to  enable  the  stiffen  portions 
of  the  stress-strain  curves  to  be  defined. 

Two  types  of  gages  are  connonly  used  which  are  sensitive  to  small 
displacements  over  fairly  large  total  distances,  vis.,  linear  variable 
differential  transformers  (LVBT'S)  and  slide  wire  gages.  LVDT'S  are  rel»- 
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tlTsly  delicate  end  expensive  end  slide  vlre  gages  are  frequently  quite 
sensitive  to  dynasde  effects.  In  an  effort  to  prevent  imneeessary  expendi¬ 
tures  of  time  and  money,  the  decision  vas  made  to  construct  a  slide  vlre 
gage  as  the  primary  deformation  measuring  device  with  a  detachable  LVDT 
mounted  on  the  frame  of  the  gage,  nien,  if  the  slide  vlre  gage  did  not 
function  satisfactorily,  the  LVDT  could  be  utilized,  and  if  the  slide  vlre 
gage  did  function  satisfactorily,  the  LVDT  could  be  detached  from  the  mount. 
Because  of  the  expense  of  a  long -travel  LVDT,  a  surplus  short -travel  LVDT 
vas  mounted  oc  the  slide  vlre  gage  fraate  for  proof -testing  and  subsequently 
detached  vfaen  the  slide  vlre  gage  proved  satisfactory. 

2. 3 .2. 1.3  Threshold  and  Bepeatabillty  of 
Measurements 

The  repeatability  of  measurements  made  vlth  slide  vlre  gages  Is 
primarily  dependent  upon  the  precision  of  construction  of  the  various  oon- 
ponent  parts  of  the  gage.  Particular  attention  must  be  focused  on  the 
travel  of  the  pidcup  over  the  slide  vires.  The  pickup  must  be  constrEdned 
to  inhibit  movement  in  any  direction  other  than  that  in  vhlch  measurements 
are  to  be  made.  In  addition,  all  slack  nmst  be  eliminated  in  the  mechanical 
link  vhich  transmits  the  deformation  to  be  measured  to  the  slide  vire  gage. 

Another  factor  affecting  the  repeatability  is  the  pickup-slide 
vire  point-of-contact .  This  contact  most  be  firm  to  prevent  loss  of  contact 
during  dynamic  tests  and  yet  must  not  be  so  firm  as  to  cause  significant 
straining  of  the  vlre  during  movement  of  the  pickup.  Also,  the  contact 
should  be  as  nearly  a  point-contact  as  possible.  A  prime  requisite  of  hi^ 
repeatrttlllty  is  a  highly  finished  slide  vlre  and  pickup.  Periodic  re- 
finishing  of  the  slide  vire  and  pickup  are  essential  for  maintaining 
repeatability. 
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k$  m  MHU  of  rodueing  th«  wowr  a*  modi  m  pocalbl*  «kd«  thorofoM, 
prolooglne  th*  Ufa  of  th«  illte  viro,  tb«  slid*  viro  dioold  bo  bard  raloi> 


tlvo  to  tho  allda  wlro  pickup.  For  this  roaoca*  tho  olida  «lr«o  vara 
eoapoead  of  2>i-sau8a  >idkal-CbroBd.iBi  vita  and  tha  pldn^a  vara  eoapoaad  of 
braaa. 

A  sUda  vlra  gaga  la  baalealiy  a  potantioaatar  vhidx  ean  ba  diraetl^ 
axeitad  bp  a  voltaga  aeorea;  dlaplaeaMBta  of  tha  plckiqt  ara  aMaaurad  *£7 
raadiag  tha  diangoa  la  voltaga  drop  batwaaa  tha  pickup  aad  aithar  aad  of 
tha  allda  vlra.  Althouidt  aueh  a  asrataa  vlU  function,  tha  attainnaat 
of  a  raaaoodbla  thraahold  raquiraa  a  hi^>Toltaga  DC  powar  aourea  aad  a 
praclaloo  voltaatar.  9b  attain  a  raaaoaahla  thraUhold  vithout  tha  uae  of  a 
hlf^-roltaga  aourea,  tha  allda  vlra  vaa  Ineorporatad  in  a  Vihaatatona  bridge 
circuit  aa  ahown  in  Figure  2.l4.  9ha  function  of  tha  null  allda  vlra, 
vhldi  la  ahoan  in  Figure  2.lH,  van  to  null  aagr  Inbalanca  in  tha  bridge 
inadiataly  prior  to  a  dynaade  teat  to  alnplliy  tha  raduetlon  of  teat  data. 
Tha  null  allda  vlra  aarvad  no  function  and  raqulrad  no  adjuataent  during 
a  atatlc  taat. 

2,3.2.1.h  Cconaetion  Batwaan  Dafbrvatlon  Plate 
and  Slide  Vlra  Qaga 

Bacauaa  of  tha  location  of  tha  allda  vlra  gaga  balov  tha  test 
spaeinan  In  the  padastal,  a  nachanioal  connaetlon  batwaan  tha  daftomatlen 
Plata  which  raata  on  tho  top  aurfnea  of  tha  taat  apaclnan  aad  tha  allda 
wire  gaga  was  raquirad.  In  tha  daalgn  of  such  a  ■acbanieal  connaetlon,  four 
eonaldaratlons  vara  of  priaary  laportaaea,  via.,  tha  eonaaetlng  rod  aust 
ba  sufflelantly  ffaa  froai  frictional  affOcts  so  that  the  behavior  of  the 
test  spaeiaen  Is  aeeurataly  naasurad;  tha  damanie  raspensa  of  tha  Hide  nust 
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b«  such  that  Imrtlal  effects  are  ninlaal;  the  eoimecstions  to  the  deformar- 
tion  plate  muat  he  aueh  that  the  aetuatine  rod  need  not  he  normal  to  the 
defonatlon  plate;  and,  finally.  It  auat  be  poaaible  for  the  aoll  speeinen 
container  to  remain  watertight. 

frictional  effects  can  arise  front  tvo  different  sources.  In  the 
passaea  of  the  actuating  rod  throu^  the  teat  opecitaen,  the  actuating  rod 
must  be  protected  frcn  contact  vlth  the  specimen.  In  protecting  the  actuating 
rod  from  the  test  specimen,  the  rod  must  be  enclosed  in  a  sleere  which 
will  deform  with  the  test  specimen  and  yet  be  of  the  same  order 

of  radial  stiffness  as  the  aoll  specimen.  Several  researchers. have 
utilised  segRiented  rings  to  contain  teat  specimens,  ihese  rings  are  sli^tly 
separated  when  the  test  speeinen  la  unloaded  and  can  move  together  as  the 
speeinen  is  loaded  and  deformed  axially.  This  method  has  proved  satis¬ 
factory  and  la  reported  by  Zaeeor  et  al.  (I963),  Punagalli  (1969),  and 
others .  This  segmented  ring  idea  was  .onsldered  to  provide  protection  for 
the  actuating  rod  from  the  soil  specimen;  however,  this  concept  was  found 
to  be  impractical  because  of  the  small  diameter  and  the  difficulty  of  holding 
the  rings  in  place  during  placement  of  a  speeinen. 

The  second  possible  solution  is  a  bellows  which  is  soft  in  the 
axial  direction  and  stiff  is  the  radial  direction.  Such  a  system  is  less 
difficult  to  set  and  iaTaeion  of  soil  into  the  void  aroxmd  the  actu¬ 
ating  rod  is  prevented  unless  the  bellows  ruptures,  further,  bellows 
are  eoomerelally  available  while  segmented  rings  would  have  to  be  machined 
to  order  and,  therefore,  would  be  considerably  more  expensive  than  the 
bellows.  Thus,  a  bellows  device  was  selected  as  the  protective  method  to 
be  employed.  Since  the  bellows  is  flexible,  the  actuating  rod  could  still 
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suffer  froa  frictionsl  effects  If, during  speelnen  plseenent,  the  hellcws  esae 
into  contset  vith  the  aetusting  rod.  Baelostire  of  the  actuating  rod  with 
a  stainless  steel  tvibe  Which  in  turn  vas  enclosed  hy  the  hellenrs  provided 
an  adequate  solution  to  this  prohlea. 

Another  source  of  frictional  forces  resulted  froa  the  passage 
of  the  rod  throu^  the  top  plate  of  the  pedestal.  Since  the  slide  wire 
gage  vas  mounted  inside  the  pedestal,  at  some  point  along  the  actuating 
rod, there  vas  the  opportunity  for  ftietlonal  forces  to  develop.  Several 
methods  for  reducing  these  forces  to  a  minimum  vere  considered  such  as 
teflon  coating  or  stachinlng  to  a  hi^  finish,  ihe  latter  method  vas 
selected  and  a  testing  program  vas  empl^ed  to  determine  the  magnitude  of 
the  resulting  frictional  forces,  ^ese  forces  %rere  shovn  to  he  negllgihle 
as  described  in  Section  3.2.1. 

The  dynamic  characteristics  of  the  actuating  rod-pichi^  system 
are  probably  best  examined  by  the  method  suggested  by  Jacobsen  and  Ayre 
(1958).  5y  this  method  the  natural  ftrequency  f^^  of  the  system  is 
computed  as  shovn  belov: 


area  of  rod 
for  rod 
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A  ■  cross-sectional 
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L  ■  length  of  rod 
■  laass  of  pickup 

■2" 


of  rod 


25 


The  use  of  either  stainless  steel  or  alumlnua  for  the  actuating  rod  and 
a  relatively  lle^tvelf^t  material  for  the  pickup  body  results  In  a  funda:- 
mental  period  of  the  order  of  less  than  1  msec,  and  la,  therefore,  not 
subject  to  Inertial  forces  dturlng  loading  of  test  specimens  vhen  rise  tines 
of  the  order  of  20  to  30  msec  ai^  employed.  During  proof -testing,  ac¬ 
celerometers  vere  attached  to  the  slide  vix«  pickup  and  the  deformation 
plate.  An  SH-k  vire  strain  gage  vas  mounted  on  the  actuating  rod  just 
above  the  slide  vire  pickup  to  measure  any  inertial  effects.  The  analysis 
shoved  the  actuating  rod-pickup  system  to  be  virtually  f^ee  from  Inertial 
effects.  This  analysis  Is  presented  In  Section  3* 3. ^.2. 

^nie  top  surface  of  any  given  test  apeclnen  could  not  be  placed 
so  as  to  be  perfectly  flat.  Therefore,  the  connection  betveen  the  actu¬ 
ating  rod  and  the  defonuitlon  plate  vas  required  to  svlvel  in  order  that 
the  actuating  rod  could  pass  axially  throu^  the  test  specimen  along  the 
specimen  center  line  and  the  deformation  plate  could  be  rigidly  fixed  to 
the  actuating  rod  and  yet  not  be  perfectly  normal  to  the  rod.  Se'/eral 
possible  methods  involving  ball  joints  vere  considered  but  the  easiest 
and  most  economical  proved  to  be  the  use  of  spherical  vsshers  in  the 
connection. 

Finally,  a  means  to  aehleve  vatertight  integrity  vas  required. 

The  passage  of  the  actuating  rod  throu^  the  top  plate  to  the  slide  vire 
gage  gave  rise  to  a  breach  in  the  vatertli^t  integrity  of  the  specimen 
container.  An  0-rlng  seal  system  vas  designed  to  provide  a  seal  betveen 
the  top  plate  and  the  actuating  rod  vlthout  Inducing  large  frictional 
forces  on  the  actuating  rod.  In  addition,  this  seal  system  vas  designed 
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such  that  the  close  tolerance  pieces,  vhlch  could  Induce  large  frictional 
forces,  could  be  completely  restoved  uhen  watartlc^t  Integrity  vae  not 
required . 

2.3«2.1.3  Deforsiatlon  Plate 

The  deformation  plate  vas  required  to  move  with  the  top  surface 
of  the  test  specimen  and  yet  not  Influence  significantly  the  stress-strain 
behavior  of  the  test  specimen.  Ibe  size  of  the  plate  had  to  be  sufficient 
to  portray  the  deforaatlon  of  the  test  specimen,  flexible  enough  to  not 
significantly  alter  the  uniform  stress  distribution  over  the  surface  of 
the  teat  specimen  Impoaed  by  the  gas  pressure  acting  on  the  loading  dlaphragn, 
and  sufficiently  li^t  so  as  to  not  li^se  significant  stresses  on  the 
test  specimen  because  of  Inertial  effects.  In  addition,  the  deformation  p3.ate 
had  to  be  small  enough  In  diameter  so  that  it  did  not  extend  over  that  pox^ 
tlon  of  the  surface  of  the  test  specimen  most  affected  by  sidewall  friction 
and  was  sufficiently  stiff  over  the  central  portion  to  reduce  the  over- 
stress  originating  from  the  passage  of  the  bellows  throu^  the  specimen. 

The  Influence  of  the  stlffbess  of  the  deformation  plate  on  the 
stress  distribution  over  the  surface  of  the  test  specluMi  may  be  approxi- 
mated  by  assumlag  that  the  test  specimen  Is  a  half-epaee  and  that  linear 
elastic  c<mdltlons  prevail.  A  solution  to  the  distribution  of  pressure 
between  a  plate  and  a  linear  elastic  half-epaee  has  been  presented  by 
Borowleka  (1936).  Using  Borowlcka's  method  and  asswiag  a  plate  diameter 
of  2b  Inches  and  a  thloknesa  of  1/8  Indt,  the  relative  stlffbess  K  of 
the  deformation  plate-soil  specimen  system  n«r  be  approximated  as  Illustrated 
In  Figure  2.13.  A  K-value  of  infinity  Indicates  an  Infinitely  stiff  plats 
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relative  to  the  soil  specimen,  while  a  K-value  of  zero  indicates  a  caspletely 
flexible  plate.  Stress  distributions  corresponding  to  varioiis  K- values 
are  presented  by  Scott  (1963).  The  relative  stiffness  computed  for  the 
deformation  plate  corresponded  to  an  almost  completely  flexible  plate. 
Therefore,  the  stress  distribution  over  the  top  of  the  soil  specimen  may 
be  assiaoed  to  be  unaffected  by  the  presence  of  the  deformation  plate. 

The  inertial  forces  which  would  be  Imposed  on  the  top  surface  of 
a  test  specimen  during  a  dynamic  test  were  estimated  employing  the  static 
stress-strain  behavior  of  Ottawa  sand  as  determined  using  the  device  de¬ 
signed  by  Hendron  (I963).  Ottawa  sand  was  placed  at  densities  of  ap¬ 
proximately  100  and  110  pcf  and  loaded  to  1000  psi.  The  resulting  stress- 
strain  behavior  was  assumed  to  be  Identical  to  the  dynamic  stress-strain 
behavior  and  pressure-time  oirve  was  assumed  to  be  linear  with  a  rise  time 
of  23  msec.  Utilizing  these  assumptions,  the  maximum  acclerations  and 
decelerations  were  estimated  to  be  on  the  order  of  100  g's. 

Assuming  that  accelerations  of  the  order  of  100  g's  were  reason^le 
and  that  the  deformation  plate  was  'composed  of  1/6-ineh-thiek  steel,  the 
inertial  stresses  which  could  be  induced  on  the  top  sui face  of  a  test 
specimen  the  deformation  plate  were  computed  to  be  less  than  5  psi.  Thus, 
even  if  the  maximum  accelerations  were  to  range  up  to  200  g's,  the  imposed 
inertial  stress  would  still  not  exceed  10  pel.  Heasured  accelerations  are 
presented  in  Section  3. 3. ^.2. 

The  presence  of  the  void  through  the  center  of  the  teat  specimen 
to  aecoMDodate  the  passage  of  the  medianieal  link  between  the  deformation 
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plate  and  the  slide  «rf.re  pickup  produced  an  overstress  of  the  soil  in  the 
inoaediate  vicinity  of  the  void.  If  no  provisions  vere  made  to  stiffen  the 
plate  in  the  vicinity  of  this  void,  excessive  deflection  of  the  slide  vlre 
pickup  would  have  resulted  as  a  consequence  of  the  overstress  acting  on  the 
specimen  in  the  imnediate  vicinity  of  the  void  and  deflections  of  the 
deformation  plate  over  the  void.  An  aluminum  stiffener  6  inches  in  diameter 
was  designed  and  mounted  on  the  center  of  the  deformation  plate.  Die 
stiffener  served  to  dlstrihute  the  overstress  over  a  larger  area.  If  the 
overstress  is  assumed  to  be  limited  to  the  area  of  the  stiffener,  then  the 
overstress  ami.-'nts  to  leas  than  31K. 

the  relative  stiffness  of  the  deformation  plate  to  a  test  specimen 
was  such  that  the  plate  is  flexible  and  the  pressure  distribution  was  very 
nearly  uni  fora  as  demonstrated  above.  However,  this  eosputatlon  assumes 
intimate  contact  between  the  test  specimen  and  the  soil  specimen.  In  laoet 
instances,  the  placement  of  a  test  speciMn  did  not  result  in  a  perfectly 
flat  top  surface;  rather,  there  were  slii^t  undulations  over  the  surface. 

If  no  seating  measures  vere  taken,  the  dsfoxMtlon  plate  rods  on  the  tops 
of  these  undulations  end  tended  to  flatten  the  surface  end  to  bend  to  con- 
fora  to  the  surface.  This  bending  and  flattening  constituted  seating  error 
which  resulted  In  an  apparent  stresa-strala  behavior  which  was  not  as 
stiff  as  the  true  stress-strain  b^avior.  Also,  when  testing  large  granular 
materials,  the  point  contacts  between  the  particles  end  the  steel  plate 
resulted  in  excessive  etrala  due  xo  crushing  of  point  contacts  on  the  steel 
deforaatlon  plate.  With  large  granular  materials,  an  Identical  seating 
error  resulted  at  the  bottom  of  the  teat  specimen.  In  an  effort  to  overcome 
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this  seating  error  vithout  modifying  the  design  of  the  deformation  plate, 
a  seating  co9q)ound  vas  placed  on  the  deformation  plate  prior  tc  placing 
the  plate  on  the  surface  of  the  test  specimen.  When  testing  large  granular 
materials,  the  seating  compound  vas  also  placed  on  the  top  plate  of  the 
pedestal  prior  to  the  placement  of  the  first  lift.  This  method,  which 
is  discussed  in  greater  detail  in  Section  3.3. ^.3,  proved  to  be  quite 
satisfactory  in  eliminating  point  crushing  at  the  boundaries  of  test 
specimens . 

2. 3. 2. 2  Construction  Details 

The  slide  wire  gage  itself  vas  constructed  of  aluminum.  A  photo¬ 
graph  of  the  gage  vlth  the  auzlllaiy  LVDT  moimt  is  presented  in  Figure  2.16 
and  detailed  working  drawings  of  the  individual  components  comprising  the 
gage  ate  presented  in  Figures  2. IT  through  2.21.  The  frame  of  the  gage 
vas  first  constructed  and  asseiAled  and  then  the  pickup  body  was  con¬ 
structed  such  that  a  eloee  tolerance  fit  existed  between  the  pickup  and 
the  gage  fraam.  This  close  tolerance  vas  required  to  eliminate  error 
resulting  from  play  of  the  pickup  in  the  gage  frame. 

The  pickup  itself  was  threaded  on  both  the  top  and  the  bottom  sudi 
that  eoanectlcm  could  be  made  to  the  actuating  rod  and  also  to  a  rod 
extending  from  the  bottom  of  the  slide  wire  gage  to  which  an  LVDT  core 
could  be  fixed.  The  Vffft  bodf  was  mounted  in  the  mlcarta  mount  whidt 
could  be  attached  to  the  bottom  of  the  slide  wire  gage.  The  LTDT  la  shown 
mounted  in  the  photograph  presented  in  Figure  2.l6,  a^  a  detailed  working 
drawing  of  the  mlcarta  DVDT  mount  Is  i^sented  In  Irlgure  2.22. 

Novement  of  the  plekx^  contact  relative  to  the  slide  wire  was 

prevented  by  bwrlng  the  mounting  hole  for  the  contact  sll|d>tlr  under  site 
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and  th«n  pol.’  shlng  the  contact  vlth  enery  cloth  until  the  contact  could 
barely  be  forced  into  the  pickup  body.  Opposite  the  face  of  the  contact, 
a  sprinc-loaded  bumper  vaa  noiml.a  to  enaxtre  intimate  contact  betveen 
the  slide  vire  and  the  pickup  contact. 

Tiro  slide  vires  and  tvo  pickups  were  incorporated  into  the  ga^. 
The  tvo  slide  vires  vere  mechanically  linked  and  electrically  independent. 
'Riis  ayatem  precluded  any  variation  betveen  measured  deformation  by  the 
tvo  slide  vire  gages  unless,  because  of  vear,  the  pickup  body  could  move 
in  any  direction  other  than  axially  in  its  track.  To  inhibit  vear,  the 
alvadnum  guides  and  the  aicarta  pickup  body  vere  heavily  impregnated  vlth 
povdered  graphite.  After  six  months  of  use,  the  pickup  body  shoved  little 
sign  of  vear,  and  any  vear  that  had  occurred  vaa  not  sufficient  to  present 
a  detectable  error  in  the  readout  of  the  gage. 

The  slide  vires  vere  composed  of  i>k>gauge  Klekel-Chromium  vire. 
Prior  to  affixing  the  slide  vires  on  the  gage,  the  vires  vere  stressed 
nearly  to  yield  and  then  polished,  first  vlth  emery  cloth  and  then  crocus 
cloth.  This  preparation  vaa  necessary  in  order  to  provide  a  smooth  sur« 
face  for  the  pl^up  to  rids  on.  The  pickup  contact  vas  also  finished 
to  a  hlf^  dsgree  vlth  emery  cloth  and  crocus  cloth.  Upon  assembly  of  the 
slide  vire  *  complete  eslibratioa  of  the  gage  vas  req^uired  to 

aseertalp  that  aealinearity  of  the  gage  did  not  exist  hecaume  of  local 
yielding  of  the  slide  vires  or  other  problems.  T»  preveat  frexpient 
changing  of  the  slide  vires  hecnuse  of  vear,  the  pldrape  vere  compoeed  of 
brass.  Ths  sxeessive  veering  of  the  hmss  neceesttnted  frsquent  refeeing 
of  the  pi^vps  but  grently  lengthened  the  setisfnetory  life  ef  Uie  slide 


vires. 
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the  pldnip  aetuatlns  rod  aq)lof«d  vaa  •  3/l6-ind>>dlMMter  ateel  rod 
tbroadad  on  aithar  end.  Iha  connaetion  to  the  pleki^  body^  vaa  nadc  uy 
threading  tha  rod  into  tha  body  fixing  it  in  place  by  a  lock  nut.  Ihe 
connection  to  tha  dafomation  plat:  la  ahown  in  ’  .gura  2.23.  Iha  apherleal 
vaahera  uaad  in  the  deforaatioo  plate  nount  fallowed  a  deflation  fron  the 
nomal  of  the  actuating  rod  to  the  plate  of  approxinately  U*.  In  order 
to  prerent  tha  actuating  rod  froa  being  acted  upon  by  frictional  forcea 
in  caae  tha  protaetlre  bellowa  ahould  be  dlaplaeed  laterally,  the  actuating 
rod  vaa  encloaad  in  a  atainleaa  ateel  tuba  vlth  an  Inxida  dianatar  of 
5A^itteh.  Ihe  tube  vaa  nounted  in  a  raceaa  in  tha  central  instnaMntatton 
plug  and  could  be  aaaily  rcBoved  ard  replaced.  Tha  length  of  tube  uaed 
for  a  given  teat  vaa  datendned  baaed  on  the  initial  helfl^t  of  the  teat 
apaciaan  and  tha  anticipated  axial  defbmatlon.  The  atainleaa  ateel 
tube  alao  acted  to  prevent  any  aignificant  bowing  of  tha  actuating  rod 
during  loading.  The  atainleaa  ateel  tube  ia  ahown  in  place  in  Figure  2.2. 

Protection  of  the  actuating  rod  and  atainleaa  ateel  tuba  vaa 
provided  by  the  bellowa  whldt  coopletely  eneloaed  the  rod  and  tube  and 
extended  froat  the  top  plate  of  the  pedeatal  to  the  dafonetlon  plate. 

The  beUewa  aaaeably  vaa  cont^ed  of  fivy;  Fulton  Sylphon,  2>ply,  5/l5-ineh- 
dlaaater,  hydranlle  bellowa.  Tha  individual  bellowa  were  allver  aol^  red 
together  to  fora  the  eaearikly.  The  conneetioa  of  the  aaaeably  to  the  top 
plate  of  the  pedeatal  vaa  accca^liahed  by  a  threaded  aectlon  which  vm 
ailvar  aolderad  to  tha  botton  aaat  ballowa  of  tha  aaaaably,  and  tha  toj>> 
■oat  bellowa  vaa  flaad  la  piece  by  the  teper  on  the  bottca  aide  of  tha 


daforaatlon  plete. 
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Tha  deformtion  plate  vaa  constructed  of  10-gauge  olid  steel 
(thickness  of  O.I3U5  Inches).  The  disBeter  of  the  defomatim  plate  vaa 
2U  inches.  An  alusdnun  stiffener  6  Inches  in  diasteter  vaa  mounted  on 
the  center  of  the  deformation  plate.  The  stiffener  served  to  distrlhute 
the  overstress  initiat<'^  hy  the  void  for  the  actuating  rod  throu^  the 
center  of  the  test  specimen  over  a  larger  area.  A  working  dranring  of  ^e 
deformation  plate  is  presented  in  Figure  2.2l(. 

The  vaterti^t  seal  around  the  actuating  rod  was  achieved  hy  a  V 
special  insert  vhidli  could  he  removed  ^ihen  testing  dry  materials.  Th^B 
details  of  the  seal  are  presented  in  Figu-e  2.2^.  The  seal  increased' 
the  friction  acting  on  the  actuating  rod  by  a  factor  of  approximately 
tvo  hut  thl'-  still  amounted  to  only  approximately  0.2  Ih  and  vas  insig¬ 
nificant. 


FIGURE  2.2  CROSS  SECTION  OF  SPECIMEN  CONTAINER 
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MAterlAl:  Pbosphorus-bronze 
Wall  tbickness:  0.023  In. 


FIGURE  2.3  WORKING  DRAWING 


OF  INDIVIDUAL  BELLOWS 
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Basic  relatloo  T  -  2lf^/k 

where  k  -  p/d 

Definitions: 

T  -  fundamental  period  of  pedestal 

n  *•  mass  of  pedestal 

p  »  Imposed  load  on  pedestal 

d  -  deflection  Induced  by  Imposed  load  p 

£<  "■  Young's  modulus  for  concrete 

El-  Young's  modulus  for  steel 

Ac  -  area  of  concrete 

Af -  area  of  pteel 

W  -  weight  of  pedestal 

g  -  acceleration  due  to  gravity 

L  -  height  of  pedestal 

k  -  p/d  -  AjEs  +  AcEc 
- E - - 

-  (40in^. )  (30xl0‘’  Ib/in*: )  +  1.55x10*  ln‘. )  (4x10  Ib/in*  ) 

-  bttf: 

i  1x10  Ib/in. 

m  -  W/g  -  12,400  lb 

3572IIT/sec*. 

*  32  Ib-aec^, 

InT 

T  -  2flfm7k  -  21T./32  lb  -sec*. /in. 

r -IIJ-  lB7in". — 

-  4  msec. 


FIGURE  2.5  FUNDAMEliTAL  PERIOD  OF  PEDEBrAL  ASSUMING  SPRING- 
MASS  SYSTEM 
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Basic  relatloos  c  -  ^E/p  and  T  -  2L/c 

Definitions: 

T  »  fundanental  period  of  pedestal 

c  »  velocity  of  stress-wave  propagation  through  pedestal 

E  -  Young "b  aodulus  of  pedestal 

L  -  height  of  pedestal 

P  -  mass  density  of  pedestal 

W  -  weight  of  pedestal 

V  -  volume  of  pedestal 

g  acceleration  due  to  gravity 

Ec-  Young's  modulus  for  concrete 

Es~  Young's  modulus  for  steel 

Ac  >  area  of  concrete 

At  -  area  of  steel 

A  -  total  area  of  pedestal 

P  -  W/Vg  -  12,400  lb 

<refn)(32.2ft./sec!5 
A  450  lb-sec* /ftt 

®  EcAc  - 

-  (401id  )  (30x10*  Ib/ln*. )  +  (1 . 55x10’  In*  )  (4x10*  Ib/ln*  ) 

- - - i:5BxlO»in* - 

A  46.5x10*  psl 

c  -  yi/p  -iliTTSxWlbTln* 

1(450  lb-sec Vft* 

-  1  2xl0’ ft/sec. 

T  -  2L/c  -  e)(821n.) 

r:2xiom./8ec. 

A  1.1  msec. 


FIGURE  2.6  FUNDAMENTAL  PERIOD  OF  PEDESTAL  ASSUMING  STRESS- 
WAVE  PROPAGATION  VELOCITY  GIVEN  BY  C  - 
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Basic  relation 

where  B  -  E^/12(l--«f) 


(5  +  u)  qa^ 
M  (1  +  i/)  D 


Definitions 


E  <■  Young's  modulus  of  steel 
a  «  radius  of  plate 
h  -  thickness  of  plate 
q  applied  load 
V  «  Poisson's  ratio 

(5  +  0.28)  (1000  Ib/in,')  (3.825  in.)'  (12)  [1  -  (0.28)») 
w  =  - - - - - - — 

(64)  (1  +  0.28)  (30  X  10‘  Ib/in.*)  (2.0  in.)^ 
w  =  0.00064  in. 


riGURl  2.7  COIfPUTA'''TON  OF  DEFLECTION  OF  INSTRUMENTATION  PLUG 


SECTION  A-A 


Full  Scale 


FIGURE  2.9  WORKING  DRAWING  OF  DE-AIRING  PLUG 
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FIGURE  2.13  STRESS-STRAIN  CURVE  FOR  TEST  CYLINDER  B 


figure  2.14  ELECTRICAL  SCHEMATIC  OF  SLIDE  WIRE  GAGE 


Basic  relation 


FIGURE 


K  =(1/6)  (1-T)s*)/(1-T);)  (E^EjXh/af 
where 

K  =  relative  rigidity  of  deformation  plate 
to  test  specimen 

A  =  Poisson's  ratio  for  test  specimen 
■'Ip  =  Poisson's  ratio  for  deformation  plate 
E,  =  Young's  modulus  for  test  specimen 
Ep  =  Youna's  inodultis  for  deformation  nlate 
h  =  thickness  of  deformation  plate 
a  =  radius  of  deformation  plate 

assume 

•>)j  =  -Op 

E  =  30,000,000  psl 
E  =  -0,000  psl 

then 

K  =  (1/6)  (1/1  )  (30,000,000/10,000)  d/sj’d/izj’ 
=  0.0005 


2.15  COMPUTATION  OF  REI.ATIVE  RIGIDITY  OF 
DEFORMATION  PLATE 


FIGURE  2.16 


PHOTO  OF  SLIDE  WIRE  DEVICE 


Housing  for 
Spring-loaded  Contact 


riG'JEE  2.21  WOBKINC  DRAWING  OF  SLIDE  WIRE  PICKUP 


FIGURE  2.22  WORKING  DRAWING  OF  i.VDT  MOUNT 
FOR  SLIDE  WIRE  GAGE 


PLAN  VIEW 


2400Cf 
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SECTION  A-A 


FIGURE  2.24  WORKIMG  DRAIIMG  OF  DEFORMATION  PLATE 


FIGURE  2.25  WORKING  DRAWING  OF  SEAL  FOR  ACTUATING  ROD 
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CHAPTER  3 

PROOF-TESTIIIG  OP  EQUIPMEHT 

3.1  IHTRODUCTIOH  AWD  SUmAHY 

In  order  to  determine  the  eecur&cy  vith  which  granular  materials 
could  he  tested  In  one-dimensional  compression  In  the  DLG  and  to  define 
and  resolve  problems  associated  with  such  testing,  a  proof -testing  program 
was  conducted  on  the  slide  wire  gage  without  a  soil  specimen  and  on  samples 
of  Ottawa  sand  and  crushed  limestone. 

The  results  of  the  testing  program  on  the  slide  wire  gage  Indi¬ 
cate  that  the  slide  wire  gage  has  a  threshold  of  0.0003  Inches  and  a 
repeatability  of  better  than  99%  as  indicated  by  a  percent  deviation  from 
the  mean  of  leas  than  1)(.  ihe  results  of  the  testing  program  on  Ottawa 
sand  and  crushed  limestone  Indicated  the  following:  l)  static  test  re¬ 
sults  obtained  on  Ottawa  sand  are  nearly  Identical  to  those  of  other 
experimenters  using  the  most  sophisticated  one-dlmenslonal  compression  de¬ 
vices;  2)  because  of  the  variation  in  stresses  along  the  axis  of  a  specimen 
at  early  times  during  a  dynamic  test,  only  that  portion  of  the  record 
after  12  msec  should  be  considered  as  representing  an  average  dynamic 
stress  and  an  average  dynamic  strain  In  the  specimen;  3)  the  dynamic  stress- 
strain  behavior  of  a  sample  can  be  determined  as  accurately  as  the  static 
stress-strain  behavior  vith  the  device  developed;  and  it)  special  seating 
precautions  must  be  exercised  to  prevent  point  crushing  on  the  top  plate 
of  the  pedestal  and  the  deformation  plate  when  testing  large  granular 
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materials,  and  vben  testing  fine-grained  soils,  special  seating  precautions 
must  be  exercised  to  provide  intlimte  contact  between  the  deformation  plate 
and  the  top  of  the  soil  specimen. 

3.2  TESTIBG  OF  SLIDE  WIRE  GAGE 
3.2.1  Static  Testing 

Prior  to  the  utilization  of  the  slide  wire  gage  to  measiure  de¬ 
formation  of  a  soil  test  specimen,  the  gage  was  tested  statically  to 
determine  the  threshold  and  repeatability  of  the  Instrument  as  defined  by 
Ceml  and  Foster  (I962). 

^e  gage  was  first  tested  statically  on  the  test  stand  shown  in 
Figure  3.1.  The  slide  wires  constituted  arms  of  ^^-am  bridges  as  described 
in  Section  2. 3. 2. 1.3.  The  unbalance  in  the  bridge  Induced  by  movement  of 
the  slide  wire  pickup  was  read  on  a  BLH  model  120-C  portable  strain  in¬ 
dicator  (PSI),  and  the  movement  of  the  pickup  was  measured  by  a  h-inch- 
travel  Ames  dial  indicator  which  could  be  read  to  the  nearest  0.0009  inches. 
Typical  test  results  from  a  static  proof  test  on  the  test  stand  are  pre¬ 
sented  in  Figure  3.2. 

Based  on  the  test  results  shown  in  Figure  3.2  emd  assuming  that 
the  BUI  strain  indicator  can  be  read  to  the  nearest  division,  l.e.,  to 
the  nearest  1  pln/in,  then  the  slide  wire  gage  threshold  was  shown  co  be 
0.0003  inches.  This  threshold  corresponded  to  a  strain  of  0.0029l(  if 
the  specimsn  being  tested  had  a  gage  length  of  12  inches.  This  threshold 
was  demonstrated  to  be  more  than  adequate  for  the  testing  of  granular 
materials  at  atreasea  not  exceeding  1000  pel  since  jn  the  first  cycle  of 
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loading,  the  tangent  nodulua  of  the  etlffeat  soils  should  not  exceed 
250,000  psi  and  should  only  approach  this  value  at  stresses  near  1000  pel. 
Assuming  a  tangent  modulus  of  250,000  pel  and  a  gage  threshold  of  0.0003 
Inches,  the  smallest  pressure  Increment  vhlch  could  he  manifested  In  a 
change  In  reading  on  a  BUI  strain  Indicator  Is  7*5  psl,  vhl^  corresponued 
to  a  preaswe  sensitivity  of  more  than  99%  • 

The  repeatahlllty  of  the  slide  vlre  gage  was  determined  using  a 
different  testing  arrangement  In  order  to  preclude,  as  nearly  as  posslhle, 
the  effects  of  ambient  temperature  variation.  The  gage  vas  mounted  in 
the  pedestal  and  the  movement  of  the  slide  vlre  pickup  vas  Induced  and 
measured  by  a  l-inch-travel  mlcroBeter  mounted  on  an  aluminum  channel  vlth 
nominal  size  of  5  x  2  Inches  and  a  vel^t  of  U  Ib/ft,  as  shovn  in  Figure  3.3. 
The  channel  spanned  U9  Inches  and  some  deflection  and  rotation  of  the 
channel  occurred  as  the  actuating  rod  vas  forced  dovn  by  the  microoieter; 
however,  this  factor  vas  eliminated  as  nearly  as  poesible  by  approaching 
the  micrometer  readings  of  interest  In  an  Identical  fashion  for  each 
reading.  Further,  prior  to  testing,  the  force  required  to  displace  the 
'  slide  vlre  pickup  vas  measured  and  deteralned  to  be  less  than  0.1  lb,  vhlch 
corresponds  to  a  deflection  of  the  channel  of  less  than  0.0001  Inches 
assuming  no  rotation  of  the  channel.  The  repeatability  thxis  determined 
vas  greater  than  99%  as  denoted  by  the  percent  deviation  from  the  mean 
value. 

3.2.2  Dynamic  Testing 

The  slide  vlre  gage  vas  tested  dynamically  to  ascertain  that  viper 
II  vould  not  occur  and  that  the  fsmta  system  could  vithstand  dynamic  forces 
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vithout  deleterioiui  effects  such  at>  yielding  of  the  actuating  rod  or 
slide  wires. 

nie  test  stand  shown  In  Figure  3.1  was  also  used  to  proof-test  the 
slide  wire  gage  dynaalcally.  For  the  dynasiic  proof-test,  the  slide  wire 
gage  was  actuated  hy  a  gas -propelled  pi..i;on  iriiich  was  electrically  actuated. 
The  pickup  was  subjeci:;ed  to  a  displacement  of  approximately  2  Inches  with 
a  travel  time  of  13  nsec.  Hie  slide  wires  constituted  the  arms  of  a 
l»-arm  bridge  as  In  the  static  tests,  and  the  output  was  fed  to  BliP  condi¬ 
tioning  modules,  then  to  Dana  DC  data  amplifiers,  and  finally  recorded  on 
tape.  Acquisition  and  reduction  of  dynamic  data  are  discussed  in  Section 
3.3.3. 

A  typical  displacement-time  curve  for  a  dynamic  test  is  presented 
in  Figure  3.1(.  trace  1  seen  to  be  exceptionally  clean  with  no  wiper 
lift.  Hie  travel  of  the  piston  which  displaced  the  pickup  was  halted  by  a 
rigid  stop;  therefore,  to  prevent  damage  to  the  pickup,  the  actuating  rod 
and  the  piston  were  not  connected  in  line  but  rather  by  an  eccentric. 

This  eccentric  served  as  a  source  for  some  vibration  at  the  end  of  the 
piston  movement  as  may  be  noted  at  times  greater  than  7  msec. 

Ifo  attempt  was  made  to  investigate  the  accuracy  of  the  slide  wire 
gage  under  dynamic  conditions  on  the  test  stand  because  the  Inertial 
forces  were  so  much  hl^er  than  those  to  which  the  gage  would  be  subjected 
to  under  actual  testing  conditions  with  a  soil  specimen.  In  addition, 
since  the  slide  wire  gage  had  been  tested  for  threshold  and  reliability 
statically,  and  the  slide  wires  were  not  strained  any  appreciable  amount 
as  would  have  been  indicated  by  a  change  la  tone  of  the  slide  wire  when 


62 


plucked  prior  to  and  subsequent  to  the  rapid  displacement  or  by  a  different 
calibration  factor  upon  recalibration,  the  dynamic  characteristics  of  the 
gage  exclusive  of  the  deformation  plate  and  actuating  rod  were  assumed 
equivalent  to  the  static  characteristics  already  described.  Iheoreticed 
considerations,  as  discussed  in  Sections  2.3.2.1.li  and  2. 3. 2. 1.5  indicate 
tiiat  inertial  effects  vlth  respect  to  the  deformation  plate  and  actuating 
rod-pickup  system  are  not  significant. 

3.3  PBOOP-TESTIHG  OF  SYSTEM  VTITH  SOIL  SPECIMEN 
3.3.1  Proof.Testing  Program 

The  proof.testing  program  as  completed  is  delineated  in  Tid>le  3.1. 
The  program  vas  designed  to  accomplish  the  following  objectives:  1)  provide 
stress-strain  characteristics  of  a  veil-documented  material  such  that  a 
comparison  betveen  the  results  obtainable  vlth  the  DIG  and  the  results 
obtained  by  other  experismnters  vas  possible;  2)  determine  the  accuracy 
obtainable  vlth  a  soil  as  stiff  as  that  idtich  might  be  reasonably  assumed 
to  be  of  usual  interest;  3)  dsfine  any  problems  vhlch  might  arise  during 
the  testing  program;  and  b)  investi^te  the  effect  of  seating  error. 

Static  Testa  8-1  and  S-2  vere  conducted  on  20-30  Ottmva  sand  in 
order  to  compare  the  test  resxilts  vlth  those  of  other  e:qperlmenters . 

Dynamic  Test  0-1  was  likewise  run  on  20-30  Ottawa  sand  to  Investigate 
the  accuracy  possible  with  a  very  stiff  soil  by  comparing  the  results 
obtained  with  those  of  other  experimenters.  Static  Test  S-3  and  Dynamic 
Test  D-3  provided  data  on  a  very  soft  granular  material.  Static  Test 
S-2,  C-6  (cycle  6)  provided  test  data  on  a  very  stiff  material.  Tests 
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S-3  and  D-3  on  crushed  limestone  employed  no  seating  medium  to  prevent 
particle  crushing  against  the  deformation  plate  and  the  top  of  the 
pedestal  and  Tests  S-4  and  on  crushed  limestone  were  run  with 
Hydrocal  as  a  seating  medium. 

3.3.2  Specimen  Placement 

nie  specimen  placement  technique  vaa  essentledly  constant  throuj^out 
the  proof-testing  program;  therefore,  \tnl*ss  otherwise  noted,  all  test 
specimens  may  he  assumed  to  be  placed  in  accordance  with  the  following 
described  technique. 

Prior  to  the  specimen  placement  procedure,  the  slide  wire  gage 
vaa  checked  electrically  for  proper  operation,  and  the  actuating  rod  vaa 
checked  for  proper  hel^t  so  that  it  vould  not  bottom  out  before  the 
specinsn  experienced  the  estimated  maximum  deflection.  If  the  specimen 
to  be  tested  had  been  estimated  to  deform  axially  one  inch,  then  the 
initial  slide  vire  pickup  poeltlon  vas  set  such  that  the  pickup  conld  move 
vertically  downward  at  least  one  inch  prior  to  cosdng  to  rest  at  the  bottom 
stop.  The  proper  length  of  3/l6-inch-diameter  stainless-steel  tube  vas 
selected,  based  on  th^  specimen  height  and  the  predicted  deformation, 
and  installed.  The  stainless-steel  tube  vas  selected  such  that  the 
clearance  between  the  top  of  the  tube  and  the  bottom  of  the  deformation 
plate  vas  equal  to  approximately  1.5  times  the  predicted  deformation  ^r 
a  given  test.  The  protective  bellows  together  with  the  steel  support  t\d>e 
vaa  then  installed  as  shown  in  ngure  2.2. 

The  inner  surface  of  the  specimen  container  was  washed  with  sol¬ 
vent  and  wiped  dry.  A  thin  coat  of  Lubrlplate  630-AA  grease,  approximately 
0.006-lnches  thick,  vaa  applied  by  hand  to  the  inner  surface  of  the  sped- 
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men  container.  A  clean  l/l6-inch-thlck,  flber-relnforced,  neoprene-rvibber 
liner  was  placed  against  the  vail  of  the  soil  container  and  taped  at  the 
lap;  the  liner  vas  held  In  place  hy  the  grease.  Ilie  container  liner  vas 
13.125-lnche8  hl^  while  the  container  was  lU.OOO-lnches  high.  Thus  the 
container  vas  unllned  over  the  top  0.875  Inches;  this  unlined  portion  of 
the  container  vas  required  to  prevent  rupture  of  the  loading  diaphragm 
as  will  he  explained  helow. 

Placement  of  the  soil  specimen  vas  started  after  installation  of 
the  container  liner.  Two  different  techniques  were  utilised  In  the 
placement  of  the  soil.  The  first  technique  vas  utilised  only  with  the 
Ottcva  sand  specimens  and  employed  a  sprinkling  device,  more  comeK>nly 
refexred  to  as  a  ralner.  A  detailed  voricing  drawing  of  the  ralner  is 
presented  in  Plguire  3.5.  The  ralner  vas  connected,  by  a  2-lneh.dlaaeter 
hoee,  to  an  el^t  cubic  foot  mobile  storage  bucket  vhich  vas  suspended 
over  the  specimen  container  by  a  travelling  crane.  The  rate  of  flew  of 
the  sand  vas  controlled  by  the  vertical  poaitlon  of  the  2-indk. diameter 
disk  on  the  threaded  rod.  The  hei^t  of  fall  from  the  last  screen  to 
the  surface  of  the  soil  specimen  vas  mmintained  at  22  inches  for  Teat  8->l 
and  2k  inehes  for  Teat  8^2. 

The  second  placement  technique  vas  utilised  with  all  specimens 
other  than  thoee  eoapoaed  of  dry  Ottmva  sand.  This  technique  eaploQred  a 
pmeummtle  tamper  vlth  a  steel  foot  ft-1/2  inches  in  diasmter.  A  photo  of 
the  tanper  vi^  the  foot  in  place  la  presented  in  figure  3.6.  The  soil 
vas  placed  in  the  container  in  k>  to  5-ineh  umcoevaeted  lifts  and  thea 
compacted  vlth  the  temper,  the  tamper  moviag  coatiaunuslir  ever  the  entire 
eurfaee  of  the  specimen. 
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As  the  hel^t  of  the  specimen  vas  increased  by  additional  lifts 
of  material  being  placed,  the  height  of  the  bellows  vas  adjusted  such  that 
after  placement,  the  top  of  the  bellows  vas  flxish  with  the  top  surface  of 
the  soil  speciswn.  With  the  specimens  of  Ottawa  sand,  upon  attaining  a 
specimen  height  of  approximately  12  inches,  the  surface  of  the  specimen 
vas  struck  off  to  12  inches  to  the  nearest  1/32  inch,  and  the  deformation 
plate  vas  placed  on  the  surface  of  the  specimen  and  attached  to  the  actuating 
rod.  The  remainder  of  the  soil  specimen  container  vas  then  filled  vlth 
Ottawa  sand  and  struck  off  even  vith  the  top  of  the  soil  container.  The 
unit  weight  of  the  specimen  vas  determined  by  veiling  the  amount  of  soil 
reqxilred  for  the  12-lnch-high  specimen  and  knowing  the  volume  of  the  con¬ 
tainer  occupied  by  the  specimen. 

Vith  materials  other  than  dry  Ottawa  sand,  when  the  desired  height 
of  the  specimen  had  been  obtained,  the  height  from  the  top  of  the  specimen 
to  the  top  of  the  container  vas  determined  by  taking  the  average  of  at 
least  el^t  measurements  made  over  the  surface  of  the  specimen  to  the  bottom 
of  the  almainua  beam,  which  vas  also  employed  in  slide  vlre  gage  calibration, 
spanning  the  container.  The  etrai^tneaa  of  the  alundnum  beam  vaa  checked 
againet  the  bearing  plate  for  the  IXO  soil  container  and  the  meaaurementa 
to  the  epecimen  aurfaee  vere  made  to  the  neareet  1/32  In^,  resulting  in  an 
accuracy  in  the  measurement  of  the  initial  specimen  hel^t  of  about  99>71I 
aaatadng  a  12-iaeb-thick  epeeimea. 

The  deforiMtioo  plate  vaa  placed  on  the  curfece  of  the  toil  epeeimea 
end  attached  to  the  slide  vire  gage  actuating  rod.  An  Interface  meobrene 
ii6  Inehee  in  diameter  vem  placed  over  the  toil  epeeimea  and  deforaatlon 
plate,  sad  then  a  second  interface  meaftrane  $0  Indies  in  diameter  vas  placed 
over  the  first  vith  the  full  Inch  of  overlap  carefully  turned  up  against 
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the  container  vail.  Ottava  sand  vas  enqployed  to  fill  the  remaining  hel^t 
of  the  soil  container.  'Rie  Ottawa  sand  iised  to  top  off  the  container  vas 
utilized  as  cushion  for  the  loading  diaphragm  since,  if  the  loading  diaphragm 
were  to  bear  directly  on  such  materials  as  crushed  limestone,  the  diaphragm 
would  be  ruptured  by  the  sharp  particles  or  vould  exceed  its  tensile  strength 
in  being  extruded  Into  the  voids  necur  the  surface  of  the  specimen. 

When  the  container  vas  filled  and  the  sand  cushion  struck  off  even 
vlth  the  top  of  the  soil  container,  the  sand  was  vacuumed  aviy  from  the 
1/2  inch  round  at  the  insid  top  edge  of  the  soil  container.  Tlje  round 
edge  and  the  clamping  ring  0-rlng  groove  were  greased  with  Lihriplate  630-AA 
grease,  and  the  clui^ing  ring  0-ring  and  loading  diaphragm  were  placed 
and  clamped  by  the  clamping  ring.  Following  placement  of  the  seal  ring 
0-rlng,  the  preparation  of  the  soil  specimen  and  container  was  complete, 
and  the  container  was  moved  Into  p>laee  beneath  the  machine  as  described 
in  Appendix  B. 

3.3.3  Test  Procedure  and  Data  Reduction 
3.3. 3.1  Static  Tests 

Following  placement  of  a  test  specimen  as  described  In  Section  3.3.2, 
the  specimen  container  was  moved  Into  place  beneath  the  loading  madiine; 
the  seal  ring  was  bolted  to  the  support  system;  and  the  necessary  gas  and 
electric  lln«s  were  connected.  All  ports  In  the  seal  ring  excepyt  Res.  U  and 
6  were  blocked  off.  Gas  was  fed  into  the  expansion  ehaid)er  throu^  port 
No.  8  and  Bourdon-type  pressure  gages  were  attached  to  a  line  running  from 
pwrt  No.  U.  Axial  pressure  was  appalled  to  the  top  of  a  test  specimen  by 
manually  opening  a  valve  and  allowing  gas  to  pass  Into  the  expansion  chaaher 
with  the  main  valves  In  the  closed  position  so  that  pressurising  of  the 
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charging  chaniber  as  veil  as  the  expansion  chaciber  vas  not  necessary.  A 
detailed  description  of  the  mechanics  of  the  DLG  is  presented  in  Appendix  B. 
Vfhen  a  given  pressure  vas  attained,  the  deformation  of  the  soil  specimen 
vas  measured  by  noting  the  change  in  the  slide  vlre  gage  reading  on  a  BUI 
Portable  Strain  Indicator.  final  strain  reading  at  a  given  pressure 
level  vas  r*:  corded  vhen  the  rate  of  deformation  criterion  for  the  parti cvilar 
test  vas  satisfied.  After  the  final  strain  reading  at  a  particular  stress 
level  had  been  taken,  the  pressure  vas  Increased  to  the  next  stress  level 
of  interest  and  the  corresponding  deformation  noted  as  already  described. 
This  procedure  vas  continued  to  the  highest  stress  level  of  interest.  'Hie 
'inloading  of  a  test  sx>eclraen  vas  accomplished  in  a  similar  manner,  nie 
pressure  acting  on  a  test  specimen  vas  decreased  by  bleeding  off  the  gas 
until  the  pressure  level  of  Interest  vas  reached.  When  the  rate  of  re¬ 
bound  criterion  for  the  particular  teat  vas  satisfied,  the  final  strain 
reading  vas  recorded  and  the  unloading  process  continued. 

Ibe  specimen  pore  pressure  vas  noted  during  testing  by  a  Bourdon- 
type  pressure  gage  vhich  vas  connected  to  the  porous  stone  instrumentation 
plug  described  in  Section  2.2.I.U.  Ibe  pore  pressure  did  not  become  large 
enou^  to  measure  in  the  unsaturated  tests  unless  the  loading  diaphragm 
leaked,  in  vhich  ease  the  test  vas  stopped  and  the  dlaj^ragm  vas  replaced. 

In  some  instances  test  specimens  vere  saturated  prior  to  loading. 

The  specimen  vas  saturated  follovlng  placement  beneath  the  loading  machine 
by  addition  of  vater  through  the  perforated  instrumentation  plugs  described 
in  Section  2.2.1.1|.  Water  vas  added  xmtil  the  specimen  vas  saturated  to 
the  level  of  the  sand  cushion  vhich  vas  approximately  the  same  level  as 
the  de-airing  line.  The  de-airing  line  vas  composed  of  a  1/8-ineh-dianeter 
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copper  tube  pesaing  from  the  de- airing  Instrunentatlon  plug,  which  la 
deacrlbed  in  Section  2.2.1.U,  up  throu^  the  teat  specimen  to  the  level 
of  the  deformation  plate.  'Rie  open  end  of  the  tube  vaa  covered  with  a  lead 
plate  to  prevent  punching  throu^d^  the  Interface  menibrane  aa  shown  in  Figure  3.7« 
A  copper  tiibe  was  connected  to  the  bottom  of  the  de  -airing  instrumentation 
plug  and  extended  outboard  of  the  soil  container  to  the  approximate  level 
of  the  deformation  plate  in  order  that  the  hyurostatic  pressure  level  at 
the  surface  of  the  teat  specinsn  was  approximately  zero.  Prior  to  taking 
deformation  readings  on  saturated  test  specimens,  the  de- airing  line  was 
checked  to  ascertain  that  the  flow  of  water  from  the  test  specimen  initiated 
by  the  deformation  of  the  specimen  had  stopped.  In  tests  in  which  the 
specimen  was  saturated  after  loading  but  prior  to  unloading,  the  procedure 
was  similar,  the  only  difference  being  the  maintaining  of  pressure  on  the 
specimen  during  saturation. 

Ihe  raw  data  from  a  static  test  consisted  of  pressure  readings  and 
deformation  readings.  Ihe  pressure  readings  required  no  correction  as  the 
Bourdon-type  gage  was  periodically  calibrated  and  adjusted  as  necessary. 

Ihe  deformation  readings  were  converted  to  actual  deformations  by  multi¬ 
plication  by  the  gage  etdlbratlon  factor  which  was  determined  prior  to  and 
subsequent  to  each  test  using  the  beam  and  micrometer  as  described  in 
Section  3.2.1.  The  deformations  were  then  converted  to  strains  by  dividing 
by  the  Initial  height  of  the  specimen.  The  test  results  were  then  portrayed 
by  plots  of  axial  pressure  verius  axial  strAln.  The  computations  for  a 
static  test  and  the  axial  pressure-axial  strain  plot  are  presented  in 
Figuzms  3.8  and  3.9. 
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3. 3. 3. 2  Dynamic  Tests 

Tbe  test  procedure  for  a  dynamic  test  with  respect  to  placement 
of  the  specimen  under  the  loading  machine  was  identical  to  that  for  static 
tests  except  that  the  hookup  of  the  electrical  leads  and  gas  leads  was 
modified  such  that  the  application  of  the  gas  pressure  and  the  data  recording 
were  electrical  rather  than  manual.  The  deformation  and  pressure  measuring 
systems  are  described  in  Section  2.3.  During  dynamic  testing,  a  minimum  of 
four  ports  were  utilized  in  order  to  obtain  a  measure  of  the  average 
pressure  over  the  top  of  the  specimen,  and  to  preclude  the  loss  of  data 
for  a  test  in  case  a  pressure  transduce.,  malfunctioned.  The  ports  usually 
utilized  wer*  1,  3»  6,  and  12,  thus  providing  measurements  directly  beneath 
machines  3  snd  9  sad  in-between  machines  1  and  2,  and  6  and  7.  The  axial 
pressiure  on  the  test  specimen  was  taken  as  the  average  of  the  pressures 
measured  at  the  four  ports.  The  connections  to  ports  U  and  8  as  described 
for  static  testing  were  maintained.  These  static  connections  were  utilized 
for  the  application  of  static  preload  when  simulating  a  field  specimen  at 
some  depth  below  groiutd  surface.  The  static  connections  were  also  used 
for  the  determination  of  the  axial  pressure  on  the  test  specimen  after 
the  electrical  measuring  system  had  been  shut  off  some  time  after  the  axial 
pressure  had  been  decayed  to  a  value  less  than  one-half  of  the  maxiiBum 
peak  axial  pressure.  In  the  former  case,  the  decay  was  accomplished  as 
in  a  static  test,  and  in  the  latter  cue,  usually  only  that  deformation 
corresponding  to  zero  dynamic  overpressure  wu  noted. 

During  dynamic  testing,  monitoring  of  the  specimen  deformation 
wu  conqpletely  automated.  The  unbalance  in  the  Wheatstone  bridge  circuit. 
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of  vhich  the  slide  vlre  gage  was  a  component  part,  was  first  nulled  by 
the  null  slide  wire  described  in  Section  2.3«2.1.3*  ^en,  during  the  test, 
the  unbalance  in  the  bridge  brou^t  about  by  movestent  of  the  slide  wire 
pickup  was  input  to  a  B  and  F  transducer  conditioning  module.  Model  1-211A&>1. 
nie  conditioning  module  was  used  to  apply  a  well-regulated  excitation 
voltage  to  the  bridge  by  means  of  an  isolated  power  supply  and  to  apply  a 
calibration  step  to  the  tape  recorder  immediately  prior  to  a  test.  ISie 
output  from  the  transducer  conditioning  module  was  input  to  a  Dana  DC  Data 
Amplifier,  Model  3500.  The  amplification  factor  was  adjusted  such  that  the 
anticipated  output  from  the  slide  wire  gage  would  be  sufficiently  Isrge  to 
drive  the  recorder  yet  not  so  large  as  to  overdrive  the  system.  The  output 
from  the  data  asgtllfler  was  input  to  a  Sangamo.  Model  U712  tape  recorder. 

As  was  described  in  Section  2. 3. 2. 1.2,  the  deformation  measuring 
system  was  designed  such  that  if  the  slide  wire  gage  did  not  prove  satis¬ 
factory,  the  deformations  could  be  monitored  by  a  LVDT.  Idie  LVDT  was  em¬ 
ployed  during  proof-testing  of  the  slide  wire  gage,  but  because  of  the 
satisfactory  performance  of  the  slide  wire  gage,  the  LVDT  was  not  employed 
during  the  testing  o'*  soil  specimens. 

The  LVDT  was  connected  electrically  so  that  it  opposed  an  Identical 
LVDT  mounted  external  to  the  soil  container.  Thus,  prior  to  dynamic  testing, 
the  output  of  the  inboard  LVDT  could  be  nulled  to  facilitate  recording 
of  the  output  during  a  test.  The  LVDT's  employed  were  Schaevlts  Engineering, 
Type  5OOS-L,  with  a  1-inch  linear  travel  when  excited  by  6  volts  (rms), 
at  a  frequency  of  3,000  cps;  however,  for  this  study,  the  LVDT  was  excited 
by  a  3-volt  (rms),  20,000-cps  source.  The  deviation  from  the  design 
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specifications,  vith  respect  to  excitation,  resulted  in  a  reduction  of  tbe 
linear  travel  to  0.4  inches.  The  excitation  and  signal  aiaplification  vere 
supplied  by  a  Consolidated  Electrodynanics  Corporation  (CEC)  Carrier 
Axplifier  IVpe  1-12T.  ^e  operation  of  the  LVDT  was  identical  for  the 
static  and  dynamic  tests  with  the  exception  of  read-out.  During  static 
testing,  the  voltage  differences  brou^ about  by  movement  of  the  core  vere 
measured  on  a  Vidar  $00  integrating  digital  voltmeter.  During  dynamic  testing, 
the  voltage  differences  were  recorded  on  tape. 

The  raw  data  from  a  dynamic  test  consisted  of  axial  pressure-tine 
data  and  axial  deformation-time  data  recorded  on  tape,  ^le  data  was  taken 
tram  tape  and  electrically  plotted  to  scale.  tRie  axial  pressure-time  plots 
for  the  different  pressure  transducers  vere  averaged  and  then  axial  pressure- 
strain  curves  vere  constructed  by  noting  the  pressiure  and  deformation  of 
the  test  specimen  at  common  times.  The  deformation  was  converted  to  strain 
by  dividing  by  the  initial  specimen  height  or  tbe  heii^t  of  the  specimen 
ismediately  prior  to  application  of  the  dynamic  pressure  increment  if  a 
static  preload  had  been  applied. 

Raw  data  from  a  dynamic  test  is  presented  in  Figures  3.10  throu^ 

3.13>  The  reduction  of  this  data  is  presented  in  Figure  3.14,  and  the 
resulting  axial  pressure-axial  strain  curve  is  presented  in  Figure  3.15. 

3.3.4  Proof-Te*it  Results 

3. 3. 4.1  Comparison  of  Test  Results  with  Those  of  Other 
Experimenters 

To  provide  a  comparison  of  the  test  results  obtainable  vith  the 
DLO  vith  those  of  other  experimenters  employing  other  devices,  static  and 
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dynamic  testa  were  performed  on  20-30  Ottawa  sand.  ^Is  sand  was  selected 
as  a  test  sample  priaarlly  ‘because  a  nvanber  of  experimenters  have  published 
the  results  of  one-dimensional  compression  tests  on  the  sand.  Ottawa  sand 
is  a  well-rounded,  even-textured,  quarts  sand  and  is  readily  available 
from  a  quarry  of  St.  Peter  sandstone  near  Ottawa,  Illinois. 

A  sinmazy  of  the  static  and  dynamic  tests  performed  on  Ottawa 
sand  in  the  DLG  is  presented  in  Table  3*1.  specimens  for  Tests  S-1  and 
S-2  were  placed  with  the  rainer  as  described  in  Section  3.3.2.  The  initial 
relative  densities  of  the  test  specimens  were  67. 0  and  80.6j(  for  test 
specimens  1  and  2,  respectively.  The  coeiputed  relative  densities  are  baaed 

on  an  assumed  specific  gravity  of  solids  0  of  2.6$,  and  maximum  and 

s 

minimum  relative  densities  of  0.T39  and  0.Uh$,  respectively,  as  reported  by 
Prendergast  (1968).  The  relative  densities  were  determined  in  accordance 
with  methods  recoimaetided  'by  Bauer  ai  d  Thombum  (1962).  The  resulting 
stress-strain  curves  for  Tests  8-1  and  8-2  are  presented  in  Figures  3.16 
and  3.17,  respeetlvsly. 

As  standards  for  eosqparlson,  test  results  utilielng  four  different 
devices  were  selected.  The  first  results  considered  were  those  published 
by  Whitaui  (196>t). 

The  results  presented  by  Whitman  are  derived  from  a  variety  of 
souroes  and  the  data  suffers  from  sidewall  friction,  as  pointed  out  by 
Whitman,  and  probably  seating  error  end  compressibility  of  the  loading 
assembly.  The  initial  der^ity  of  the  Ottasa  send  was  103.9  pof.  The  test 
results  are  presented  in  Figure  3.18. 

United  Research  Services  (URB)  developed  two  different  devices 
for  the  testing  of  materials  in  one  dimsnslenal  compreseioo.  The  first 
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device  to  be  considered  employed  a  fluid  boundary  and  Is  reported  on  by 
DurMn  (l96*»).  The  results  of  three  tests  on  Ottawa  sand  by  Durbin  are 
presented  In  Figure  3.19. 

A  second  device  which  utilized  a  segmented  ring  specimen  container 
employed  by  URS  Is  reported  on  by  Zaecor,  et  al.  (I965).  Ibe  results  of 
two  tests  on  Ottawa  sand  by  Zaccor,  et  al.,  are  presented  In  Figure  3.20. 
This  device  suffered  rigid  cap  loading;  however,  the  gage  length  of  lU.3 
Inches  was  sufficiently  large  that  with  ireaaonable  care  In  specimen 
preparation,  any  error  was  Insignificant. 

The  last  device  used  for  comparison  of  test  results  Is  that  de¬ 
veloped  by  Hendron  (1963).  Tests  on  Ottawa  sand  were  performed  by 
Prendergast  and  Qaerson  and  reported  In  part  by  Prendergast  (1968).  Hie 
results  of  these  tests  are  presented  in  Figure  3.21.  This  device  suffers 
from  solid  cap  loading  and  sidewall  friction;  however.  It  Is  the  one 
device  which  employs  controlled  lateral  strain  and  for  the  purpose  of  this 
investigation  no  lateral,  strain  was  allowed  to  occur. 

Hie  stress-strain  characteristics  as  determined  by  all  devices 
cited  above  are  presented  in  Figure  3.22.  Hie  results  obtained  using 
Durbin's  fluid  boundary  device  are  obviously  in  error,  probably  primarily 
because  the  criterion  of  sero  radial  strain  was  violated.  Whitman's  results 
are  seen  to  approximate  those  obtained  by  taking  the  stlffest  results  ob¬ 
tained  using  Hendron'a  device,  thus  implying  that  the  criterion  of  lero 
radial  strain  is  approximated  These  test  results  obtained  using  Zaccor'a 
segmented  ring  device  are  in  excellent  sgreemsnt  with  those  obtained 
utilising  the  IfiO  as  illustrated  in  Figure  3.23.  In  Fig.  3.23*  the  origin 
for  the  stress-strain  eurrs  obtained  using  the  DLO  was  shifted  to  that 


_ 


74 

strain  corresponding  to  an  axial  pressiure  of  5  pel  as  Zaecor,  et  al.  (1965) t 
reported  utilising  a  seat  load  of  froa  5  to  10  pel  to  stabilise  the  soil 
column  vith  the  rings  in  place  prior  to  the  resKnval  of  the  ring  holder. 

Thus  coaqparison  of  the  one>dlaensional  behavior  of  Ottawa  sand 
as  measured  by  the  various  devices  indicates  good  agreement  between  Zaccor» 
Rendrott,  and  the  QLO  with  the  beat  agreement  between  Zaecor  and  the  IS/l. 

The  conclusion  that  the  test  results  chained  with  the  DLG  are  valid  can 
also  be  reached  by  examination  of  the  most  probable  aources  for  error. 

The  axial  pressure  was  applied  to  the  top  of  the  test  speelmr'*  by  a  gas 
acting  on  a  flexible  neoprene  diaphragm  and  was,  therefore,  uniform 
over  the  top  surface  of  the  test  specimen.  Deformations  were  monitored 
by  means  of  a  deformation  plate  riding  on  the  top  surface  of  the  teat 
specimen,  see  Section  2. 3. 2. 2.  The  top  surface  of  the  spedmen  was  eare~ 
fully  smoothed  prior  to  plecemsot  of  the  deformation  plate,  and  the 
deformation  plate  was  extremely  flexible  relative  to  the  test  specimen  so 
that  seating  error  with  reepeet  to  the  defOrmatioo  plate  was  net  of 
cense9[Qance.  Ptother,  the  large  gaga  length  (12  indiea)  adnUisad  audt 
errora.  Radial  defoimation  of  the  teat  spaoimen  beoauaa  of  daformatioa 
of  the  aoil  eoatainer  in  the  radial  direotieo  was  negliglblo  beeauee  of 
the  large  apaolman  diaater  and  the  very  stiff  eoatainer.  Sidewall 
frietioa  wan  not  a  signifleant  prbblam  with  the  UUf  as  diaeuaaed  in  See* 
tioo  2.2.  Finally,  sftiffhaaa  of  the  daviee  wan  of  no  oooeem  beeanne 
the  dafbnwtion  meanaring  iatromsatatiott  is  independent  of  the  epeeimm 
eataiar  and  loedlag  dovlM. 

Tat  8-S  a  Ottawa  sand  ooaeiated  of  six  eyola.  8>dieatmat  to 
the  last  eyele,  c-6,  the  HXI  wa  rigged  for  dynaie  tenting  ad  ^t  1^1 
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waa  conducted.  I^e  purpose  of  Test  D-1  vas  to  demonstrate  the  ability 
of  the  DLG  to  measure  small  total  deformations  and  to  provide  dynamic 
test  data  for  a  material  of  knovn  stress-strain  behavior  In  order  to  allow 
a  comparison  of  results  of  dynamic  behavior  as  measured  by  the  DLG  with 
the  known  behavior. 

Test  D-1  consisted  of  two  cycles.  Cycle  c-1  consisted  of  a  dynamic 
pressure  Increment  of  approximately  50  psl  and  an  Initial  static  preload 
of  50  pal.  Cycle  C-2  consisted  of  a  dynamic  pressure  increment  of  approxi¬ 
mately  200  pal  and  an  Initial  static  preload  of  50  pel .  Ibe  pressure- 
tlsie  plots  for  Teat  D-1,  C-1,  and  D-1,  c-2,  are  presented  In  Figures  3.2lt 
and  3.25,  and  the  airess-straln  curves  for  these  two  tests  are  presented 
In  Figures  3.2^  and  3 <27.  These  stress-strain  cxirves  are  presented  together 
with  the  results  from  Test  S-2,  C-6,  in  Figure  3.28.  The  origins  for  the 
two  djuamle  teats  correspond  to  a  pressure  of  50  psl,  which  vas  the  pre¬ 
load,  and  an  Initial  axial  strain  which  was  estimated  from  the  cyclic 
data  presented  in  Figure  3.17.  The  apeclswn  utilised  In  Test  D-1,  C-1, 
and  D-1,  C-2,  vas  the  sasw  speclmea  used  In  Teat  S-2;  i.e.,  following  the 
eoaq^letlon  of  cycle  six  of  Test  S-2,  the  DLG  vas  hooked  up  for  dynaadc 
testing  and  Test  D-1  vas  run. 

The  agreement  seen  between  the  dynastic  tests  and  the  static  test 
Is  good,  and  since  there  should  not  be  any  variation  between  t>te  static 
and  dynamic  b^avlor  of  Ottmva  sand,  it  may  be  concluded  that  the  dynamic 
results  obtained  with  tha  DLQ  axe  of  the  eeae  order  ef  accuracy  aa  the 
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3. 3. ^.2  Inveatlgation  to  Define  Incidental  Problena 

In  order  to  define  any  Incidental  problena  vhich  nlgbt  occur  vlth 
the  DLO  and  related  equipewnt  during  the  testing  of  typical  naterlala, 
static  and  dynasdc  testa  were  perfomed  on  Ottawa  sand  and  crushed  Unestone 
which  represented  the  stlffest  and  the  softest  naterlals  that  were  likely 
to  be  encountered  In  our  testing  progran.  Testa  S-2,  C-6,  (Figure  3.17) 

IV*1,  c-lt  (Figure  3.26)  and  IV-l,  c-2  (Figure  3.27)  demonstrate  the  static 
and  dynanio  behawlor  of  Ottawa  sand.  Tests  S-3  (Figujre  3.29)  and  D-3 
(Figure  3.30)  demonstrate  the  static  and  dynanle  bdiavlor  of  crushed  lime¬ 
stone. 

The  results  of  the  static  testa  on  the  soft  specimens  Indicated 
the  existence  of  one  najor  problem  in  that  the  softer  specimens  deformed 
axially  to  sueh  an  extent  that  the  loading  diaphra^a,  which  rested  on 
the  top  surface  of  the  test  speelment  was  ruptured.  The  rupturing  of 
the  loading  diaphragm  also  occurred  la  the  dynasdc  teats  on  the  softer 
speclmsas.  The  results  of  the  dynasdc  tests  on  the  soft  and  stiff  naterlals 
demonstrated  the  ex^  *'.enee  of  aoaualfomlty  of  stress  conditions  due  to 
ware  propagation  effscts  throughout  the  teat  speelmsn  during  early  times 
la  the  testa. 

The  ruptnarlag  of  the  diaphragw  when  tasting  softer  speelaeaa  was 
dstendned  to  hare  basically  two  orlglas.  The  first  resulted  from  the 
large  partlole  else  of  the  eoft  epee! mens  rather  than  the  etiffnese  of 
the  apeelmmas.  The  large  rolds  between  the  iadirldual  particles  allowed 
the  Interface  mesAtreae  to  be  extruded  lato  the  rolda  end  la  aome  Inatancas 
to  be  tom.  After  the  aamhrane  was  tom,  ths  cushion  sand  trleklsd  down 
lato  ths  test  speelmsn  mstll  ths  loading  diaphre^ps  wes  itself  extruded 
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Into  the  test  apecijsen  and  ruptured.  Ihe  second  resulted  from  the  dis¬ 
continuity  at  the  loading  diaphragm-sand  cuahlon-soll  container  Interface. 
Ihls  interface  is  illustrated  in  Figure  3.31.  One  probleiij  at  this  inter¬ 
face  vas  the  existence  of  sand  grains  hetveen  the  one-half- Inch  round  and 
the  loading  diaphragm.  These  sand  grains  voitld  not  perforate  the  diaphragm 
hut  vould  give  rise  to  stress  concentrations  and  cause  excessive  vear  of 
the  membrane,  ihe  second  problem  at  this  Interface  resulted  from  the 
limited  area  over  which  the  loading  diaphragm  could  distribute  the  deforma¬ 
tion  required  to  allow  it  to  follow  the  top  surface  of  the  test  specimen. 

As  the  test  specimen  deformed  axially,  the  deformation  of  the  loading  dia¬ 
phragm  WAS  restricted  primarily  to  that  small  area  iriiere  the  diaphragm  was 
in  direct  contact  with  the  steel  container  because  the  dlapSiragm  voitld  not 
slip  on  the  surface  of  the  sand  cushion  ^en  imder  pressure.  As  a  con¬ 
sequence  of  the  small  area  over  which  to  distribute  the  defonsation  of 
the  loading  diaphragm*  the  diaphragm  vas  often  ripped  in  spite  of  its 
allowable  elongation  of  BK>re  than  ?00l. 

The  problemu  arising  because  of  the  discontinuity  at  the  loading 
diaphragm-sand  cushion-eoll  container  interfa-e  could  have  been  easily 
solved  by  the  use  of  a  collar  underneath  the  loading  dlaphrajcm*  as  shown 
in  Figure  3.32*  the  collar  being  made  from  very  strong*  flexible,  tou^j^, 
and  liqwnwable  material.  The  collar  vould  require  strength  so  that  it 
could  alida  over  the  eand  euahion  rather  than  taar,  flexibility  so  that 
tha  preaaure  diatrlbution  ovar  tha  test  iipeclseB  would  be  unifons.  toughnihia 
ao  that  it  could  v’ithstaad  punching  by  aand  grains,  and  isqsermeatllity  so 
that  the  gam  ^assura  vould  not  laak  into  t.he  tpeclmen  contains-.  Such 
a  material  vm  the  object  of  am  unsuccessful  aearch.  As  a  temporary 
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meas'ire,  which  proved  sufficient  for  the  oaterlsls  tested  in  this  study i 
the  area  over  which  the  loading  dlaphraffs  could  distribute  the  defomar- 
olon  was  increased  by  removal  of  the  cushion  sand  inmediately  adjacent  to 
the  container  vail  down  to  the  top  of  the  container  liner  which  vac  cut 
to  a  height  of  13.125  inches*  thus  allowing  0.675  inches  for  the  diaphragm 
to  distribute  the  deformation  it  e^erienced  during  axial  deformation  of 
the  teat  specimen.  The  exposed  portion  of  the  container  was  wiped  clean 
of  any  sand  grains  and  coated  with  Lubriplate  grease.  In  addition*  two 
loading  diaphragms  were  used  with  the  Interface  between  the  diaphragms 
greased.  Thus*  even  if  the  lover  diaphragm  ruptured,  the  upper  diaphragm 
functioned  long  enough  to  allow  the  test  to  be  completed.  Some  sand-grain 
damag'-  still  was  evident  after  each  test;  therefore*  to  preclude  the  loss 
of  teat  data,  a  given  loading  diaphragm  was  used  only  once  as  an  upper 
diaphragm,  and  once  as  a  lower  diaphragSt  and  then  used  for  other  purposes 
such  as  a  sand  cushion-specimen  Interface  membrane.  This  system  is 
illustrated  in  Figure  3.  33* 

The  difficulties  experienced  with  the  loss  of  cushion  sand 
resulting  from  damage  to  the  cushion  sand-specimen  Interface  membrane  were 
overcome  by  the  use  of  two  or  more  interface  menbreuies  and  replacement  of 
the  bottom-most  membrane  when  the  wear  became  excessive. 

The  nonuniformity  of  stress  conditions  throughout'  the  test  specimens 
during  early  times  in  a  test  resulted  from  using  a  fast  rise  time.  A  typlcid 
axial  pressure- rise  time  curve  is  presented  in  Figure  3.25.  The  rise  time 
employed  for  this  test  was  2k  msec.  This  rise  time  was  approximately  in 
accordance  with  recommendation  of  Whitman  (1963)  that  the  rise  time  t 
be  greater  than  25  times  the  height  of  the  test'  specimen  divided  by  the 
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vave* propagation  ''velocity  throu^  the  specimen  as  demonstrated  In  Figure  3.3^ • 
Ehiploylng  a  rise  time  of  this  general  magnitude  allowed  a  sufficient  number 
of  passages  of  the  stress  wave  through  the  specimen  to  result  in  a  relatively 
uniform  state  of  stress  throughout  the  test  specimen.  13ie  selection  of 
a  fast  pressure-rise  time  vas  necessary  to  determine  the  dynamic  stress-strain 
characteristics  of  the  teat  specimens;  however,  as  a  consequence  of  the 
fast  pressure-rise  time,  the  stress-strain  curves  resxilting  from  the  dynamic 
tests  are  cot  valid  at  early  times  during  the  testa  because  the  stress  levels 
throughout  the  specimens  were  not  uniform,  nils  phenomenSia  vas  home  out 
by  the  siiq>llfled  computation  of  the  transient  stress  levels  at  the  top  and 
bottom  of  the  test  specimen  as  presented  In  Figure  3.3^. 

The  coaqiutatlon  of  the  stress  levels  presented  in  Figure  3.3^  was 
facilitated  by  three  simplifying  assusqitlons  as  follows:  l)  the  test 
specimen  vas  assumed  to  be  perfectly  elastic;  2}  the  retlos  of  reflected 
stresses  to  Incident  stresses  at  the  top  and  bottom  of  the  specimen  were 
assumed  to  be  -1  and  1,  respectively;  and  3)  the  entire  lU  inches  from  the 
loading  diaphragm  to  the  top  of  the  concrete  pedestal  vas  assumed  to  compose 
the  soil  specimen,  1.  e.,  the  sand  cushion.  Interface  memibrane,  and  the 
deformation  plate  were  edl  assumed  to  be  part  of  the  soil  specimen. 

While  the  sell  specimen  vas  not  elastic,  as  the  first  assumption 
states,  the  results  of  the  computation  wmz*  sufficiently  accurate  to  make 
an  estimate  of  the  number  of  transit  times  which  were  required  for  a  rela¬ 
tively  uniform  state  of  stress  throu^out  the  soil  specimen,  ^e  ratios 
of  the  reflected  stress  to  the  Incident  stress  for  both  the  top  and  bottom 
of  the  test  specimen  were  computed  and  shoved  a  vezy  close  agreement  with 
the  assumed  values.  Finally,  the  third  assumption  vas  reasonablr,  since 
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the  nodulua  for  the  Ottawa  aand  cushion  was  approximately  10  ksi  and  the 
difference  between  the  acoustic  in^dances  of  Ottawa  sand  and  the  test 
specimen  was  generally  less  than 

The  results  of  the  overstreas  estimation  indicated  that  the  greatest 
ovorstress  relative  to  the  preaaure  existing  in  the  expansion  chamber 
occurred  at  an  elapsed  time  from  the  start  of  the  test  of  3-^  nsec,  and  in 
magnitude  was  18]^  of  average  measured  expansion  chanber  pressure.  This 
corresponded  reasonably  well  with  the  time  of  occurrence  of  the  apparent 
excessive  deformation  in  Test  D~3. 

The  stress'straln  characteristics  of  crushed  limestone  as  determined 
by  Teats  S-3  and  D-3  are  presented  in  Figure  3.36.  The  elapsed  time  from 
the  beginning  of  the  dynamic  test  is  also  noted  on  Figure  3.36.  This  test 
data  ludicates  that  the  overstress  was  on  the  order  of  and  occuxred 
between  3  and  6  msec  after  the  beginning  of  the  test  and  Indicates  that 
at  times  earlier  than  about  9  msec,  the  pressure  measurements  do  not  cor-> 
respond  to  average  stress  conditions  in  the  test  specimen. 

Therefore,  if  a  rise  time  of  approximately  25  msec  is  employed  with 
a  specimen  thickness  of  lU  inches  in  the  DLG,  only  that  data  corresponding 
to  times  later  than  approximately  10  msec  should  be  used.  If  information 
regarding  lower  stress  levels  is  required,  lower  peak  overpressures  must 
be  en^loyed.  Thus,  the  behavior  over  the  entire  stress  range  from  a  pressure 
subtly  greater  than  zero  to  6OO  psi  could  be  obtained  from  a  test  series 
as  presented  in  Teble  3.2. 

In  order  to  check  the  assumptions  made  concerning  the  maximum 
accelerations  to  which  the  deformation  plate  and  pedestal  were  subjected. 
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accelerometers  vere  mounted  on  the  aluminum  stiffener  of  the  deformation 
plate  and  on  the  bottom  of  one  of  the  Instrumentation  plu^.  Hie  accelerometer 
m.'iunted  on  the  deformation  plate  was  monitored  for  tvo  dynamic  tests  and 
che  tvo  sets  of  data  vere,  for  cdl  practical  purposes,  identical.  Hie 
maximum  accelerations  to  vhlch  the  deformation  plate  vas  subjected  occurred 
during  the  first  5  msec  of  the  test  and  in  magnitude  amounted  to  100  g's. 

After  the  first  3  msec  had  elapsed,  the  maximum  accelerations  vere  of  the 
order  of  25  g's.  A  typical  accelerometer  record  is  presented  in  Figure  3.37. 
Hie  accelerometer  vas  pressure  sensitive;  therefore,  the  base  line  varies 
vlth  the  pressure  and  in  order  to  establish  a  base  line,  it  vas  necessary 
to  assume  that  equal  accelerations  occur  in  both  directions. 

Hie  accelerometer  moimted  on  one  of  the  instrumentation  plugs  vas 
monitored  during  one  dynamic  test.  Hie  measured  accelerations  amounted 
to  less  than  the  background  noise  of  the  instrumentation.  Hierefore,  it 
vas  concluded  that  vlth  rise  timec  of  the  order  of  25  to  30  msec's,  the 
Ine^lal  effects  on  the  pedestal  could  be  neglected. 

As  a  means  to  verify  that  the  actuating  rod  vas  portraying  the 
movement  of  the  top  surface  of  the  soil  specimen  during  rapid  testing,  a 
Hype  A-19t  SR-4,  vire  strain  gage  vas  mounted  on  the  deformation  rod  Just 
above  the  slide  vire  pickup  and  approximately  15  Inches  belov  the  connection 
to  the  deformation  plate.  Hiis  strain  gage  vas  electronically  conditioned  and 
the  output  recorded  for  three  rapid  tests.  Analyse.  j  acquired  data 
indicated  that  for  a  dynamic  test  vlth  the  vaterti^t  seal  in  place 
euround  the  actuating  rod,  the  breakout  friction  acting  on  the  actuating 
rod  resulted  in  an  axial  shortening  of  less  than  0.002  inches.  After  approzi- 
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mately  10  msec  from  the  beginning  of  a  test,  the  axial  shortening  of 
the  rod  did  not  exceed  0.001  inches.  In  addition »  the  deformations  of 
the  rod  after  10  maee  vere  osciUatoiy  as  indicated  by  the  slide  vire  gage 
traces  and  could  be  averaged  out  in  the  interpretation  of  the  data.  Strain 
gage  records  for  one  test  are  presented  in  Tigure  3.36.  breakout  force 
for  static  testa  vlth  the  vaterti^t  seal  for  the  actuating  rod  in  place 
was  measured  to  be  less  than  0.1  lb.  Section  3.2.1;  this  force  resulted 
in  an  axial  shortening  of  the  actuating  rod  of  less  than  0.0001  inches.. 

The  axial  shortening  of  the  actuating  rod  vithout  the  vatertl^t  seal  in 
place  vas  negligible. 

3.3«^.3  Investigation  into  the  Sffeet  of  Seating  Error 
When  testing  granular  materials  vith  relatively  large  particle 
sizes  such  as  the  crushed  limestone  tested  In  Test  S-3,  point  crushing 
against  the  top  plate  of  the  pedestal  and  against  the  deformation  plate 
represented  a  possible  source  of  error.  Also,  with  fine-grained  soils, 
seating  error  vas  a  potential  source  of  inaccuracy  because  of  the  diffi¬ 
culty  in  establishing  intimate  contact  betveen  the  deformation  plate  and 
the  top  of  the  specimen.  To  Investigate  seating  error,  a  teat  series  in¬ 
cluding  two  dynamic  and  two  static  tests  was  performed  on  crushed  liaw- 
stons.  Testa  8-3  and  D-3  vere  conducted  with  no  attempts  mads  to  eliminate 
seating  error  other  than  leveling  the  t^  of  the  soil  speeiamn  carefully 
before  placement  of  the  deformation  i^ate,  and  Tents  8-k  and  IX-b  vers 
conducted  egq;iloylng  Hlgk  Espansion  Eydroeal,  manufactured  by  the  Itaited 

a 

8tates  Cbrp*w  Co. ,  on  both  the  top  plate  of  the  pedestal  and  the  bottom 
side  of  the  deformation  plate  in  an  attaint  to  estublieh  intimate  contact 
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while  eliminating  eruehlng  of  particles  against  bare  metal  surfaces. 

Prior  to  the  placement  of  the  first  lift  of  the  test  specimen  in 
the  soil  container,  the  top  plate  of  the  pedestal  vas  covered  with  a  thin 
coat  of  motor  oil  and  then  a  lagrer  of  Bydroeal,  which  varied  in  thickness 
between  l/l6  and  1/8  inch.  Before  the  Hydroeal  hardened,  the  first  lift 
of  the  specimen  vas  placed  in  the  container  and  eonpaeted.  After  the 
B^drocal  set  19,  the  remainder  of  the  specimen  vas  placed.  Pollovlng 
measurement  of  the  hei^t  of  the  specimen,  a  layer  of  Qydrocal,  which 
varied  in  thickness  from  I/16  to  1/8  inch,  vas  applied  to  the  bbtton 
aide  of  the  deformation  plate,  and  the  deformation  plate  placed  on  the 
top  of  the  soil  specimen.  laaaediately  following  plaeoMot  of  the  defor¬ 
mation  plate  on  the  test  specimen,  a  veiid^t  of  approxisiately  160  lb 
was  placed  on  the  deformation  plate,  ihis  preloading  of  the  test  specimen 
amounted  to  only  approximately  0.1  pal  and  was  inconsequential  with 
respect  to  the  stress-strain  characteristies  of  the  material  but  vas 
sufficient  to  cause  the  granular  material  to  cospletely  seat  against 
the  defonation  plate  while  being  seated  in  a  matrix  of  Qydrocal  as  shown 
in  Tlgure  3.39  • 

The  stress-strain  curves  for  Tests  8-3  and  S-h  and  Tests  D-3  and  D-U 
are  presented  in  Figures  3.^9  end  3.30,  respectively.  The  effect  of  the 
^ydrocal  in  reducing  seating  error  is  obvloas.  Ujpon  removal  of  the 
speclasns  from  the  container  silbsequent  to  testing,  the  I^drocal  vas  ex- 
aaliied.  The  areas  of  contact  between  the  granular  particles  and  the 
^ydroeal  were  well  preserved  and  demonstrated  that  the  thin  layers  of 
%dreeal  uere  snftieteat  to  eltmlonte  eruehlng  of  point  eentaota  by  the 


deformation  plate  and  the  top  plate  of  the  pedestal.  Some  deformation 
of  the  Hydrocal  occurred  and  Introduced  an  error;  however,  this  deformation 
was  sll^t  since  the  maximum  thickness  of  Hydrocal  was  between  l/l6  and  1/8 
Inch.  The  one'-dlmenslonal  stresa-stra* charaeterlstles  of  Hydrocal  are 
presented  In  Figure  3.^0.  Also,  the  granular  material  was  In  direct  eon* 
tact  with  the  top  plat^  of  the  pedestal  and  the  bottom  side  of  the  deforma¬ 
tion  plate;  the  Hydrocal  merely  served  to  eliminate  hl^  point-contact 
stresses . 

3.3. It. U  Analysis  of  Pressure  Distribution  over  Top  of 
Specimen 

The  overpressure  was  applied  to  the  top  of  a  dynaalc  test  specimen 
by  means  of  gas  which  was  stored  In  the  charging  chasiber  of  the  DLG.  Upon 
firing  of  the  OU,  the  main  valves  of  the  load  cells  opened  sad  the  gas 
flowed  throui^  two  sets  of  grids  and  onto  the  surface  of  the  loading  dlajhragm, 
as  described  in  Appendix  B. 

Because  the  operation  of  the  load  cells  was  an  electronically 
initiated  mechanical  operation,  there  was  variation  in  the  time  required 
for  the  operation.  A  time  delay  of  approxlnately  32  msec  occurred  between 
the  time  when  the  load  aolenoid  was  actuated  and  when  the  main  valve  opened,  as 
indicated  by  a  magnetic  piekqp.  The  time  required  for  each  load-cell  opera¬ 
tion  had  a  variance  fyom  its  average  time  of  operation  of  t0.T5  aaec. 

As  a  consequence  of  the  individual  load-cell  tine  variance,  the  time  for  all 
lead  cells  to  operate  tdien  set  for  cotneldent  firing  varied  and  could  exceed 
1.50  nseo.  Prendargast  (19tt6)  reported  a  maxlmni  time  delay  between  the 
initial  and  final  load<4ell  operation  of  0.39  and  1.89  mseo  with  an  average 
time  1.12  msec  for  his  test  series  utilising  the  HA. 
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In  order  to  inveatlgnte  the  effect  of  the  noneolncldent  operation 
of  the  load  cells  on  the  surface  pressure  profile,  F^endergast  Installed 
soil  stress  gages  at  the  surface  of  a  test  apeciaen.  Ihe  soil  stress  gages 
vere  used  prinarily  to  aeasure  the  tiM  delay  between  the  initial  arriyal 
of  pressure  below  a  load  cell  and  the  suibse^uent  :>rr^vals  of  peak  pressure 
below  the  other  load  cells,  and  the  Initial  arrival  of  peak  pressure  below 
a  load  cell  and  the  subsequent  arrivals  of  peak  pressure  belcsr  the  other 
load  cells.  Exsadnation  of  this  data  indicates  that  the  tine  deliya  between 
initial  and  subsequent  arrival  tines  of  initial  and  peak  surface  pressures 
can  be  correlated  with  the  tine  delays  between  the  load-cell  firings.  Ihe 
tine  delays  between  initial  and  sdbsequsnt  pressure  arrivals  are  related 
to  the  tine  dtlsys  between  the  load-cell  firings  in  a  complex  nanner  be* 
cause  of  the  pressure  gradients  and  consequent  gas  flow  patterns  over  the 
surface  of  the  spsclnsn. 

An  estiaation  of  the  pressure  variation  over  the  surface  of  the 
test  specinsn  with  tine  during  the  teat  was  sads  by  Prendergast  by  super- 
iaqposiag  the  surfbce  pressure  profiles  obtained  fron  the  soli  stress  gages 
which  were  located  on  the  surfaee  of  the  test  specinsn.  Ibe  surface  pres¬ 
sure  profiles  for  two  stress  gages  with  relatively  large  tins  dsl^rs  between 
load-cell  firings  are  presented  In  Plgure  3. hi.  ibe  nartsw  pressure 
variations  are  less  than  30  pel  wbi^  is  less  than  20|  of  the  peak  aurfaee 
prassuree.  Further,  these  pressure  variations  should  dtnialsh  fbr  tests 
with  slower  rise  tines  eu^  as  are  snployed  in  the  testing  progran  :.oveied 
by  this  report  rather  then  the  low  rise  tines  (t  «  3  nseo)  employed  by 
Frendsrgast.  With  respect  to  the  objectives  of  the  investigation  of  the 
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eharact«ri«tlet  of  gronulor  Mtorial  la  one-dlMiuilwal  eo^prosslon  as 
eorarsd  this  studjr*  ths  prsssurs  distribution  ovsr  ths  surfnes  of  ths 
tsst  spseiasfi  asor  bs  emsidsrsd  unifom  sines  only  ths  Isttsr  half,  vith 
rsspset  to  tlaa,  of  ths  strsss-stmla  dots  is  of  intsrsst,  ss  vas  dlseusssd 
in  Ssetlion  3. 3.6.2. 

As  vas  dsserlbsd  in  Ssetion  2.3.1,  ths  axial  prsssurs  on  a  dynasde 
tsst  spseiaan  vas  naasursd  by  four  Klstlsr  ^[ttarts  prsssurs  transducsrs , 
■edsls  601A  and  6o6A,  nouatsd  in  ths  ssal  ring.  Ihs  xmlfondty  of  prsssurs 
aloof  ths  ssal  ring  vas  analyssd  by  st^srinposinf  ths  prsssurs-tiaa  traces 
trm  Vast  D>1,  C"2,  as  prsssntsd  in  Tigur*  i.k2.  Ihs  Individual  prsssurs- 
tias  tracsa  for  Ihst  1>>1,  CS>2,  are  prsssntsd  in  Tlfurse  3.63  throng  3.66. 
Ihs  intsrprstsd  traces  are  supsriapessd  and  prsssntsd  in  flfurs  3.6T.  By 
exasdnatioo  of  that  portion  of  Vlfurs  3.67  vhidt  is  of  intsrsst,  i.s., 
apprsadantsly  ths  latter  half  of  ths  prsasurs-tina  plot,  it  can  be  seen 
that  ths  navi—  variation  bstvssn  any  tve  prsssurs  traess  is  i^proxinatsly 
10  psl  and  that  ths  navi—  variatlen  frm  ths  avarafs  prsssurs  is  tf  psi, 
this  variation  bslni:  rslativaly  constant  for  ths  portion  of  ths  tsst  of 
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PIGORB  3.1  PHOTO  OP  STATIC  PROOP-TBST  STAND  POR  SLIDE 
WIRE  GAGE 


i. 
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FIGURE  3,2  STATIC  PROOF- TEST  RESULTS 
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FIGURE  3.8  TYPICAL  STATIC  TEST  COMPUTATIONS 


FIGURE  3.10 PRESSURE-TIME  CURVE  FOR  TEST  D-5,  TRANSDUCER  No.  1982 


riGUKE  3.11  pressure-time  curve  for  test  d-5,  transducer 


FIGURE  3.12  PRESSURE-TIME  CURVE  FOR  TEST  D-5,  TRANSDUCER  No. 16379 


102 


Time 

(msec) 

Deformation 

SW  I  3W  II 

(Indies) 

Strain 

(%) 

1132 

(psi) 

1992 

(pill 

Pressure 

16059 

(psi.) 

16379 

(psl) 

avg. 

(psO 

0 

0 

0 

0 

0 

0 

0 

0 

2 

.17 

2.109 

50 

70 

55 

58.3 

k 

.225 

2.791 

125 

140 

uo 

125 

6 

.255 

3.163 

0 

190 

205 

170 

..  188.3 

rk 

O 

H 

.280 

3.‘^73 

240 

260 

230 

243.3 

10 

.310 

3.845 

295 

305 

280 

293.3 

12 

to  rO 

.340 

4.217 

*d 

245 

350 

335 

343.3 

Ih 

Xi  V 

.370 

4.589 

<i> 

c 

385 

375 

385 

16 

•P  JS 
•rt  nS 

.400 

4.962 

0 

425 

420 

425 

18 

>  0) 

.440 

5.453 

465 

455 

461.7 

20 

5  +? 

.470 

5.830 

2 

495 

.43 

490 

493.3 

22 

H  C 

.505 

6.264 

d 

520 

52B 

515 

520 

24 

.530 

6.574 

6 

540 

'  IB 

540 

541.7 

26 

.555 

6.884 

560 

560 

560 

28 

.570 

7.070 

575 

jR 

575 

576.7 

30 

•r<  ^ 

.590 

7.318 

590 

590 

590 

590 

a)  x: 

.605 

7.504 

U 

600 

600 

600 

600 

34 

.615 

7.628: 

600 

600 

600 

600 

36 

.625 

7. "=52 

P 

(0 

600' 

600 

600 

600 

final 

.705 

>5 

•H 

600 

600 

600 

600 

FIGURE  3.14  reduction  OP  DATA  FOR  TEST  D-5 


FIGURE  3.15  STRESS-STRAIN  CURVE  FOR  TEST  D-5 
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FIGURE  3.16  STRESS-STRAIN  RELATIONSHIP  FOR  20-30  OTTAWA  BAND 
IN  ONE-DIMENSIONAL  CCRIPRESSION ,  TEST  S-1 
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AXIAL  STRAIN  {%) 


FIGURE  3.17  STRESS-STRAIN  REUTlONf^HIP  FOR  20-30  OTTAWA  SAND 
IN  ONE-DIMENSIONAL  COMPRESSION,  TESl'  S-2 


AXIAL  PRESSURE  <psi) 
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FIGUBB3.19  STRESS-STRAIN  RELATIONSHIP  FOR  20-30  OTTAWA 
SAND  IN  ONE-DIMENSIONAL  COMPRESSION  AS 
DETERMINED  BY  DURBIN 


AXIAL  STRAIN  (%} 


FIGURE  3.20  STRESS-STRAIN  RELATIONSHIP  FOR  20-30  OTTAWA 
SAND  IN  ONE-DIMENSIONAL  COMPRESSION  AS 
DETERMINED  BY  ZAGC(« 
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FIGURE  3.22  COMPARISON  OF  STRESS-SI.  AIN  RBLA’flO.NSHIPS  FOR 

30-30  OTTAWA  SAND  IN  ONE-DIMENSIONAL  COMPRESSION 
AS  OBTERMINID  BT  DIFFERENT  DEVICES 


If 


STRAIN  (%} 


OF  STRESS-STRAIN  RELATIONSHIPS  FOR 
A  SAND  IN  ONE-DIMENSIONAL  COMPRESSION 
ED  BY  ZACCOR  AND  EMERSON 


U2 


riGUlK  3.24  PEKS8U1X-TIIII  CUtVI  «<«  TI8T  D~l,  C-1 
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AXIAL  PRESSURE  (psi 


AXIAL  PRESSURE  (psi) 


riGURE  3.29  COMPARISON  OF  STATIC  STRESS -STRAIN  CURVES 
FOR  CRU6HH)  LIMESTONE  DEMONSTRATING  EFFECT 
OF  SEATING  ERROR 


Loading  Diaphragm 


FIGURE  3.31  CROSS  SECTION  OF  THE  JUNCTION  OF  THE  DIAPHRAGM,  SAND  CUSHION 
SOIL  CONTAINER 


damping  Ring 


FIGURE  3.32  CROSS  SECTION  OF  THE  JUNCTION  OF  THE  DIAPHRAGM,  SAND  CUSHION 
SOIL  CONTAINER  WITH  COLXAR 


Double  Diaphragm 
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Basic  relations 


t  >  25  L/C  and  c  = 

where 


t  =  pressure  rise  time 
L  =  test  specimen  height 
M  =  constrained  modulus  of  test  specimen 
p  =  mass  density  of  test  specimen 
c  =?  propagation  velocity  of  stress  wave 


then 


c 


10,0''0  Ib/inf 


105  Ib/ft  -r-  32.2  ft/sec' 


8000  in. /sec 


t  >  25  L/c  «  25  X  14  in. -i-  8000  in. /sec 
=44  msec 


FIGURE  3.3U  COMPUTATION  OF  WHITMAN’S  RECOMMENDED  RISE  TIME 


PRESSUBE  (pal) 
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riGUll  3.35  COIIPUTED  STRESS  VARUTIOS  THROUGH  SOIL  SPECIMEN 
WITH  TIME 


PRESSURE  (psl) 


[ 


128 


FIGURE  3.40  STRESS-STRAIN  CURVE  FOR  HYDROCAL  IN 
ONE-DIMENSIONAL  COMPRESSION 
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FIGURE  3.44  PRESoURE-TIME  TRACE  FOR  TEST  D-1,  C-2 ,  AS  PORTRAYED  BY  KISTLER  No.  1196 
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FIGURE  3.47  SUPERIMPOSED  INTERPRETED  PRESSURE-TIME  TRACES  FOR  TEST  D- 
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CHAPTER  1* 

VARIATION  OF  PARAKETER  STUDY 


»».l  INTRODUCTION  AND  SUMMARY 


Subsequent  to  the  completion  of  the  dynamic-  testing  program  on 
the  samples  from  the  missile  sites  as  reported  in  Appendix  A,  a  variation 
of  3)arameter  study  was  conducted  utilizing  large  granular  materials 
vhlch  vere  readily  available  locally  Hie  study  was  designed  to  demon¬ 
strate  the  effects  of  parameters  such  as  particle  shape  and  gradation 
on  the  behavior  of  granular  materials  in  one-dimensional  compression. 

Hie  effects  of  saturation  and  rate  of  loading  vere  also  investigated. 

U.2  TESTING  PROGRAM 


The  variation  of  parameter  testing  program  was  comprised  of 
static  and.  dynamic  tests  on  three  types  of  grmnular  materials:  Ottawa 
stnd,  crushed  limestone,  and  river  gravel.  The  Ottawa  sand  was  employed 
primarily  to  serve  as  a  standard  of  reference  for  the  tests  conducted 
on  the  river  gravel  euid  the  crushed  limestone.  A  crushed  limestone  and  two 
river  gravels  vere  employed  as  the  basic  materials  for  the  test  program 
because  of  the  contrast  in  the  pnrticle  shapes;  the  crushed  limestone  was 
highly  angular  while  the  river  gravels  were  subrounded  to  rounded. 

These  materials  were  readily  available  locally  and  have  been 

used  extensively  throughout  the  midwest  In  construction  applications. 

The  testing  program  consisted  of  21  tests,  l6  static, and  5 
dynamic.  The  program  was  designed  to  demonstrate  the  effect  on  the  one- 
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dimensional  compression  behavior  of  granular  materials  of  the  following: 
l)  the  elimination  of  point  crushing  at  the  top  and  bottom  of  a  test 
specimen  caused  by  the  specimen  being  in  direct  contact  with  a  flat  rigid 
surface;  2)  the  variation  of  particle  shape  from  angular  to  roiinded; 

3)  the  variation  in  the  ralneralogleal  composition  of  the  specimen  and, 
consequently,  variation  in  the  intact  ecanpresslve  strength  of  the  individ¬ 
ual  particles;  h)  the  variation  of  the  particle  size  of  the  specimens; 

3)  the  variation  of  the  gradation  oi'  the  specimens;  6)  the  addition  of 
molstirre  before  loading  and  after  loading;  and  7)  the  rate  of  loading  of 
the  specimens. 

U.2.1  Description  of  Samples 
>».2.1.1  Ottawa  Sand 

The  sample  of  sand  employed  was  20-30  Ottawa  sand  which  was  mined 
from  a  quarry  of  St.  Peter  sandstone  located  near  Ottawa,  Illinois.  The 
specific  gravity  of  the  sand  was  2.65  snd  the  maximum  and  minimum  dry 
densities  were  llJ*.5  and  95.2  pcf  as  reported  by  Prendergast  (1968).  The 
individual  grains  of  the  Ottawa  sand  were  hl^ly  spherical.  The  results 
of  a  mechanical  graln-sizt;  atialysls  on  the  sample  are  presented  in 
Figure  U.l. 

>;.2.1.2  Crushed  Limestone 

Ihe  sample  of  crushed  limestone  employed  was  purchased  from  Alpha 
Material  and  Fuel  Company,  Champaign,  Illinois.  The  limestone  had  been 
mined  and  processed  at  the  Folrmount  quarry  of  Material  Service  Company, 
Falniount,  Illinois.  The  cnuhed  limestone  was  a  dolomitic  limestone 
from  the  Bond  formation.  The  sample  as  purchased  was  rather  well  graded 
as  demonstrated  by  the  results  of  a  mechanical  grain-size  analysis  presented 
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in  Figure  U^2  and  la  referred  to  as  veil  graded  in  this  study «  Oie  particle 
shape  vas  angular  as  shovn  hy  the  photograph  of  the  Individual  particles 
presented  in  Figure  it.3.  The  average  unconfined  coopressive  strength  of 
an  intact  speclnen  of  the  rock  vas  7900  pei.  The  hardness  as  neasured  hy 
a  Schmidt  hanner  vas  U5. 

The  unconflned  coagiresslve  strength  of  an  intact  specimen  of 
the  rock  vas  detexmined  hy  running  strength  tests  on  cores  taken  from 
block  samples.  Several  intact  samples  of  the  limesto.ie  vere  obtained 
from  the  Falrmount  quany  and  from  these, S-lneh  diameter  cores  vere  drilled 
using  a  diamond  bit.  A  test  specimen  U  inches  hl^  vas  then  cut  from  the 
core  and  the  ends  lapped  to  a  smooth  finish,  ihe  specimens  vere  then 
tested  in  tmeonflned  compression.  Prior  to  the  testing  of  the 
specimens  in  unconflned  eampression,  the  rebound  hardness  of  the  specimen 
vas  measured  using  a  Schmidt  hammer.  The  hardness  value  vas  determined 
by  taking  the  average  of  the  hicd>er  half  of  the  readings  obtained  on  a 
given  specimen  vlth  12  readings,  taken  per  specimen. 

U.2.1.3  River  Gravels 

Two  different  types  of  rlw gravel  vere  employed  in  the  testing 
program,  a  veil-graded  gravel  from  Forth  Dakota  and  a  veil-graded  gravel 
from  the  Wabash  River  in  Indiana. 

The  sample  of  Vabash  River  gravel  vas  purchased  from  the  Covington 
Quarry  of  Interstate  Sand  i  Gravel,  Covington,  Indiana.  Tbe  gravel  vas 
subrounded  to  rounded  and  vas  coaqposed  of  a  randem  mixture  of  igneous 
and  sedimentary  rocks.  A  photogra^  ~f  the  individual  pas^lclea  is 
presented  in  Figure  lt.4.  The  sample  vas  rather  veil  graded  as  shovn  by 
the  mechsnlcsl  grsln-sise  analysis  presented  in  Figure  and  is  referred 
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to  M  veil  graded  In  this  study.  13ie  senile  of  river  gravel  fyom  North 
Dakota  vas  obtained  fron  a  construction  site  in  southeast  North  Dakota. 

The  gravel  vas  svibrounded  to  rounded  and  vas  composed  primarily  of 
igneous  rocks.  A  photograph  shoving  the  individual  particles  is  presented 
In  Figure  1>.6.  The  material  vas  also  fairly  veil  graded  as  ahovn  by  the 
results  of  the  mechanical  analysis  presented  in  Figure  U.7. 
lt.2.2  Testing  Program 

!nie  testing  progrsm  as  completed  is  presented  in  Tables  4.1  and 
k.2.  Specimen  placement  vas  not  varied  from  the  procedure  described  in 
Section  3.3.2  vlth  the  exception  that  Hydrocal  vas  employed  on  the  top 
plate  of  the  pedestal  and  the  bottom  of  tht>  deformation  plate  to  eliminate 
seating  error  fo"  all  tests  in  this  program  except  D-l,  D-2,  and  D-3. 

During  specimen  placement,  Jx«  materials  vere  placed  in  uncompactsd 
lifts  vhich  varied  from  3-1/2  to  it-1/2  inches  in  thickness.  Uie  compaction 
effort  VM  varied  by  the  force  applied  to  the  tamper  by  the  operator. 

Light  eoiBpactlon  vas  achieved  by  the  operator  applying  no  dovnvard  force 
to  the  tamper.  Heavy  coupaetive  effort  vas  achieved  by  the  operator 
applying  as  much  force  as  possible  to  the  tamper,  approximately  60  lb, 
and  medium  coeipaction  vas  achieved  by  application  of  a  medium  force  to 
the  tamper,  approximately  25  lbs. 

The  investigation  into  the  effects  of  seating  error  vas  aeconplished 
by  four  tests:  tvo  static  tests,  8-3  and  S-k,  and  tvo  dynamic  tests, 

D~3  and  D-k.  Teats  8-3  and  S-k  vere  conducted  on  crushed  limestone  vlth 
no  measures  taken  to  reduce  seating  error  for  Test  8-3  and  hydrocal  used 
to  reduce  seating  error  for  Test  S-k.  Tests  D-3  and  D-k  vere  also  conducted 
on  crushed  limestone  vlth  no  measures  taken  to  reduce  seating  error  fbr 
Test  D-3  '^nd  hydrocal  used  fbr  Test  D-k. 
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Die  effect  of  variation  of  particle  shape  vas  invest! sated  hy 
tvo  tests:  S-13  and  S-l6.  Teat  S>13  vas  conducted  on  a  vell>graded  sanple 
of  Wabash  River  gravel,  the  particle  shape  being  subrounded  to  rounded. 

Teat  S-l6  vas  conducted  on  a  veil-graded  sanple  of  crushed  limestone  vhich 
had  an  angular  particle  shape.  The  difference  in  particle  eoaqpositlon  is 
a  factor  vhich  affects  the  test  results  and  tends  to  mask  the  effects  of 
particle -shape  variation;  hovever,  this  shortcoming  could  not  be  avoided. 

The  effect  of  variation  of  particle  composition  vas  investigated 
by  three  tests:  Tests  S-2,  S-5,  and  S-13.  Test  S-2  vas  conducted  on  a 
specimen  of  20-30  Ottawa  sand;  Test  S-5  vas  conducted  on  a  veil-graded 
specimen  of  river  gravel  from  North  Dakota;  and  Test  S-13  vas  conducted 
on  a  veil -graded  specimen  of  Vabash  River  gravel.  The  test  specimens  for 
Tests  S-5  and  S-13  vere  similar  in  grain  site  and  shape  vhlle  the  test 
specimen  for  Test  S-2  vas  composed  of  much  smaller  graiiu  and  the  specimen 
vas  uniformly  graded.  The  test  results  from  Test  S-2  vere  utilised  primarily  to 
demonstrate  the  behavior  of  a  particulate  specimen  vhen  particle  crushing 
vas  for  all  practical  purposes  eliminated. 

The  effect  of  variation  in  particle  site  vas  investigated  by  a 
series  of  four  tests  on  Vabash  River  gravel;  Tests  8-6,  S-8,  8-12,  and 
8-15.  T%e  saaqples  for  the  four  tests  vere  taken  from  a  veil-graded  sample 
of  Vabash  River  gravel  and  broken  on  screens  such  that  the  sites  for 
the  four  samples  vere  0.19,  0.29,  0.59,  end  0.95  inches  for  Tests  S-8, 

8-12,  8-6,  and  8-15, respectively .  The  unlforatity  coefficients  for  the 
four  sasiplea  vere  I.UT,  1.U8,  l.Ul,and  1.28, respectively. 


The  effect  of  variation  in  gradation  of  different  sastples  vas 
investigated  hy  a  series  of  four  tests  on  Vabash  River  gravel:  Tests  S-6, 
S-8,  S-12  and  S-13.  Testa  S-6,  S-8,  and  S'-12  vere  conducted  as  a  part 
of  the  investigation  into  the  effect  of  variation  of  particle  size  and 
S-13  vas  a  veil-graded  asnple  of  gravel  made  up  by  mixing  definite  pro¬ 
portions  of  material  from  the  samples  broken  for  the  test  specimens  for 
Testa  S-6,  8-8,  and  S-12. 

The  effect  of  saturation  on  the  behavior  of  granular  materials 
vas  investigated  by  the  results  of  Tests  S-B,  8-9,  S-10,  S-13,  S-lU, 

8-15,  S-l6,  S-17,  S-l8,  and  8-19.  These  testa  vere  primarily  conducted 
to  investigate  the  effects  of  variation  of  other  parswters ;  hovever, 
the  time  of  saturation  and,  in  tvo  instances,  the  placement  vater  content 
vere  varied  to  provide  additional  data  for  this  study. 

The  last  parameter  to  be  investigated  vas  the  effect  of  the  rate 
of  loading.  Changes  in  the  rate  of  loading  are  a  variation  in  the  test 
conditions  rather  than  some  property  of  the  sample  tested;  hovever, 
the  properties  of  the  given  speclmn  such  as  density,  intact  ocnpressive 
strength,  particle  shape  and  permeability  are  prt^ably  responsible  for  the 
effects  resulting  from  variation  in  the  rate  of  loading.  The  materials 
employed  in  this  investigation  vere  Ottsnra  sand  and  crushed  limestone. 

The  rate  of  loading  vas  varied  from  static  to  dynamic  vlth  pressure  rise 
times  as  fast  as  600  psi  in  25  msec. 

«».3  TtBT  RKBULTB 

^.3«1  Kffket  of  Seating  Error 

The  investigation  into  the  effect  of  seating  error  caused  jy 
point  enishing  on  the  top  surface  of  the  apeclmsn  at  the  deformation  plate- 


speclinen  interface  and  at  the  pedeetal-speelnen  interface  has  been  reported 
in  Section  3.3.U.3. 

4. 3 <2  Effect  of  Variation  of  Particle  Shape  and  Particle 
Compoaltion 

Particle  ehape  ie  one  of  the  nore  important  factors  in  the  be¬ 
havior  of  pcurtleulate  materials  in  one-dimensional  cosipresslon.  At  a  given 
stress  level,  the  more  angular  material  vlU  suffer  greater  deformation 
than  the  more  rounded  material,  other  parameters  being  equivalent,  be¬ 
cause  of  greater  stress  concentration  and  lover  strength  at  points  of 
contact. 

The  effect  of  variation  of  particle  shape  vas  investigated  by 
tvo  static  teats:  Tests  S-13  and  S-l6.  Test  13  vas  conAueted  on  a  veil- 
graded  sample  of  Vabash  River  gravel  vlth  a  aise  of  0.22  Indies,  a 
°60  sise  of  0.47  inches, and  an  initial  dry  density  of  117. T  pcf.  The 
specimen  vas  placed  and  loaded  in  an  air-dry  condition.  Test  8-l6 
vas  conducted  on  a  veil-graded  sample  of  crushed  limaatone  vith  a 
sise  of  0.20  inches,  a  site  of  0.50  inthes,  and  an  initial  dry  density 
of  102.4  pcf.  The  specimen  vas  placed  and  leaded  in  an  air-dry  condition. 
Medium  ccapeetive  effort  vas  employed  for  the  placement  of  both  specimens. 

The  deserlptlens  of  the  samples  and  mechanical  graln-sise  analyses  are 
presented  la  Figure  4-6. 

The  effect  of  the  variation  of  the  partble  shape  is  shewn  by 
the  stress-strain  curves  for  the  tve  teste  se  presented  in  Pigure  4-9. 

The  epecimen  of  crushed  limsetooe  varied  neerly  llL^erly  from  being  1.5  times 
more  eempreeeible  then  the  Vabeeh  River  gravel  ct  en  esial  preeewe  of 
50  pel  to  2.7  tlaee  more  ccapreesible  at  an  axial  pressure  of 
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300  psl.  Above  300  pel  to  the  naxinuo  axial  stress  of  the  test,  500  pel, 
the  coicpresslhlllty  factor  remained  constant  at  approximately  2.7>  The 
dlffererce  In  the  behavior  Is  believed  to  have  resulted  primarily  from 
the  difference  In  the  particle  shapes  and  the  resultant  hl^  stress  con¬ 
centrations  resulting  betveen  the  particles  of  cnished  limestone  because 
of  the  hl^  angularity.  However,  the  difference  In  the  strengths  of  Intact 
specimens  of  the  rock  composing  the  two  materials  must  also  be  considered. 

If  the  angular  particles  were  composed  of  the  materials  making  up  the 
Vabash  River  gravel  rather  than  the  softer  limestone,  the  stress-strain 
behavior  would  undoubtedly  be  stiffer  than  that  measured  In  Test  S-l6. 

In  an  effort  to  establish  relative  values  for  the  strengths  of 
Intact  specimens  of  the  two  samples,  an  Intact  specimen  of  the  limestone 
was  tested  In  uneonflned  compression  and  the  average  Intact  strength 
of  the  Vabash  River  gravel  was  estimated  from  data  published  by  Miller  (1965) • 
The  uneonflned  compressive  strength  of  the  crushed  limestone  was  measured 
to  ;e  7900  psl  and  the  Scluldt  rebound  hardness  was  measured  to  be  it5> 

The  Vabash  River  gravel  was  primarily  eoaipoaed  of  a  mixture  of  igneous 
and  sedimentary  rocks;  therefore,  no  single  Intact  strength  could  be 
assigsed  to  the  material  comprislag  the  sample.  Since  the  river  gravel 
suffered  considarahle  abrasion  in  being  transported  and  eooseouently 
reumded,  all  particles  were  assumed  to  be  fbirly  sound.  Thus,  the  lowest 
intact  strength  probably  corresponds  to  that  of  sound  ssadstoos,  10,000  psi, 
ehils  ths  hl^Mst  strength  probehly  corresponds  to  that  of  sound  granite, 
20,000  psl,  and  an  average  inteet  t  rength  in  uneonflned  co^^reeslon 
tor  the  Semple  of  15,000  pel  Is  probdily  ressonahls. 


If  a  sample  consisting  of  pa^rtleles  of  sufficient  strength  to 
resist  particle  crushing  Is  tested  In  one-dlmenalonal  compression,  then 
the  resulting  stress-strain  curve  la  concave  upvard  or  "locking”.  Such 
behavior  Indicates  a  hlj^er  degree  of  Interlocking  of  particles,  more 
contact  area,  and  a  greater  number  of  parti cle-to-partlcle  contacts  vith 
Increased  stress.  A  specimen  of  20-30  Ottawa  sand  was  tested  and  the 
resulting  "locking"  behavior  is  demonstrated  In  the  stress-strain  curve 
presented  In  figure  l».10.  Examination  of  the  stress-strain  curves  for 
Teats  S-13  and  S-l6  Indicates  no  locking  b^avlor  which  Indicated  that 
both  speclAsns  suffered  considerable  particle  crushing. 

Some  of  the  difference  in  stress-strain  behavior  Indi ">ted  by 
Teats  S-13  and  S-l6  tiust  be  attributed  to  the  difference  In  the  strengths 
of  Intact  specimens  of  the  rock,  15,000  pel  for  the  gravel  and  8000  psl 
for  the  limestone;  however,  even  if  the  strains  suffend  by  the  crushed 
limestone  are  assumed  to  correspoad  to  a  stress  level  of  one-half  that 
measured,  the  Wabash  River  gravel  would  still  be  the  stiffer  material. 
Therefore,  it  Is  concluded  that  the  more  angular  particles  caused  the 
specimen  of  crushed  limestone  to  suffer  greater  deformation  for  any 
given  stress  level  becaune  of  greater  stress  concentrations  and  Icfwer 
strengths  at  points  of  contact. 

The  difference  In  the  strees-etrain  behavior  caused  by  variation 
In  the  compoeition  of  the  individual  particles  was  demonstrated  by  com¬ 
parison  of  the  test  results  from  Tests  8-2  (Figure  ^.10)  and  Tests  8-5 
and  8-13  (Figure  h.ll).  The  streas-etraln  behavior  of  the  Rorth  Dakota 
river  gravel  was  "locking"  relative  to  that  of  the  Wabash  River  gravel. 
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but  the  strains  for  any  given  stress  level  did  not  vary  by  more  than  259^ 
and  In  general  did  not  differ  by  more  than  10!^.  The  cangent  modulus  of 
the  North  Dakota  river  gravel  vas  the  lover  until  an  axial  stress  of 
approximately  175  pel  was  reached  and  was  the  higher  at  greater  stress 
levels.  It  should  be  noted  that  the  origins  for  the  curves  presented 
In  Figure  4.11  were  taken  as  the  strains  corresponding  to  a  stress  level 
of  10  psl  to  eliminate  possible  seating  error. 

'ihe  specimen  for  Test  S~2  vas  Ottawa  sand,  which  is  a  hl^ly 
spherical  quarts  sand.  The  density,  grain  site,  and  gradation  do  not 
correlate  with  the  specimens  for  Tests  S>5  and  S-13;  however.  Test  S->2 
Illustrates  the  locking  behavior  which  granular  materials  exhibit  in 
one-dlmenslonal  compression  If  particle  crushing  does  not  dominate  the 
behavior.  The  teat  specimens  for  Tests  S-5  and  S-13  were  composed  of  a 
North  Dakota  river  gravel  and  Vabash  River  gravel.  Both  specimens  were 
composed  of  subrounded  to  rounded  particles  as  shown  in  Figures  4.6 
and  4.4,  respectively.  Oradation  curres  for  both  samples  are  presented 
in  Figure  4.12,  Ihe  only  significant  difference  in  the  two  samples 
was  the  cosiposltioo.  The  sample  of  North  Dakota  river  gravel  vas  nearly 
devoid  of  softer  rooks  while  the  Vabash  River  gravel  had  a  relatively 
large  percentage  of  softer  rocks.  Thus  It  Is  concluded  that  the  hU.hcr 
the  Intact  strength  of  the  material  composing  the  Individual  particles, 
the  stiffer  the  one-dimensloeal  stress-strain  behavior. 

4.3.3  effect  of  Variation  of  Particle  Sits 

The  effect  of  variation  of  particls  else  vas  demonstrated  by  a 
series  of  tests  on  a  sample  of  Vabash  River  gravel.  The  gravel  vas  separated 
into  four  aaiplea  containing  eesentlally  single  particle  sites  by  screening. 


Graln>tlse  distribution  cvtrvos  for  th«  four  saaplss  art  presented  in 
Figure  4.13.  The  particle  shape,  conposititm,  and  source  of  the  gravel 
were  discussed  in  Section  4. 2. 1.3*  Specinens  of  the  four  saaples  vere 
placed  air -dry  vith  approxioately  the  saae  cosqiactive  effort,  loaded  to 
500  psl  statically,  saturated  and  alloved  to  creep,  and  then  unloaded.  The 
results  of  the  testa  are  presented  in  Figure  4.l4.  The  effect  of  satu¬ 
ration  is  discussed  in  Section  4.3.5. 

The  general  b^avior  of  a  uniforsQy  graded  (aonogriatilar)  particu¬ 
late  aaterial  in  one-dlnensional  ccopression  has  been  discussed  by  nwerous 
authon;  however,  for  clarity,  a  brief  review  is  in  order.  At  low  stress 
levels,  i.e.,  stress  levels  which  do  not  exceed  the  crushing  strength 
of  the  individual  particles,  deforeation  of  an  unceeented  particulate 
aaterial  in  one-dia»naioiial  coapresaioo  results  priaarlly  frca  the  re- 
arrangenent  of  particles  as  the  aoet  atahle  possible  eonflguratioo  of 
partielea  is  achieved.  As  the  stress  level  is  increased,  the  tangent 
aodulua,  in  general.  Increases  until  the  crushing  strength  of  the  individual 
particles  is  exceeded,  at  whi^  tiae  the  stress-strain  curve  becoaes  con¬ 
cave  to  the  strain  axis.  ths  stress  level  is  further  increased,  the 
stress-strain  eurve  becoaes  concave  to  the  stress  axis  until  the  crushing 
strength  of  the  ainerals  constituting  the  particles  is  reached,  at  whl<^ 
tine  the  stress-strain  curve  once  again  becoaes  concave  to  the  strain 
axis.  Further  stress  ap^eation  causes  ths  stress-strein  eurve  to  bscoae 
concave  to  the  stress  axis.  With  large  greeular  anterials  su^  as  those 
tested  la  this  study,  additional  reversals  in  the  concavity  of  the  stress- 
strain  curve  asg  occur  as  the  iadivldunl  partielea  are  broken  down  to 


■aaller  and  naallar  alxea.  Hoverar,  an  the  axial  presaura  In  a  static  teat 
vlth  the  QLQ  la  llodtad  to  l600  pal  and  In  this  study  to  1000  pal*  such 
hl^-pressure  behavior  vas  not  demonstrated. 

Die  particle  crushlnc  stress  levels  observed  durlr  ,  testing 
are  denoted  on  the  stress-strain  curves  for  the  different  ^est  speciawns  In 
Figure  It.lh.  These  particle  crushing  stress  levels  vere  2J3,  223,  17? 
and  l6$  pel  for  the  vex7  coarse,  coarse,  mediua, and  fine  specimens, re¬ 
spectively.  These  crushing  stress  levels  vere  Inferred  from  the  general 
shape  of  the  stresa-atrain  curves,  i.e.,  the  reversal  of  the  concavity 
of  the  curves,  nie  reason  for  the  fine  particles  erui>....ng  first  and  the 
very  coarac  particles  crushing  last  vaa  not  detemlned;  hovever,  it  is 
speculated  that  the  site  of  the  particle  of  a  river  gravel  is  related  to 
the  intact  coaq;ireaaive  strength  of  the  material  composing  the  particle. 
Assuming  that  all  particles  in  a  given  river  gravel  vere  broken  from  the 
parent  rock  at  approximately  the  same  time  and  that  all  the  particles 
have  been  exposed  to  approximately  the  same  conditions,  then  it  is 
reasonable  to  conclude  that  the  larger  the  particle,  the  greater  the 
compressive  strwigth  of  the  material  coi^oelng  the  pArtlcle.  Conse<iueatly , 
the  larger  the  pa*'tiele  site  of  the  particles  in  a  monogranular  test 
apeclnss,  the  higlMr  the  particle  cruahlng  strength  and  the  stiffer  the 
behavior  la  oas-dlsMaaiooal  coapresaion. 

The  behavior  of  the  four  teat  apeeimtas  at  lov  stress  levels  is 
press,  ted  in  Figure  k.lS.  The  specimens  coagwaed  of  the  larger  particles 
suffered  greater  straias  at  very  lov  axial  pressures,  less  than  20  pal. 

The  Interface  mambraae  developed  leaks  during  some  of  the  tcits  on  mono- 


granular  apeclnena  vlth.  large  particle  alzea  and  req.uired  removal  of 
the  sp<.clmen  container.  Examination  of  the  specimens  removed  indicated 
that  for  pressures  less  than  approximately  100  psl,  very  little  particle 
crushing  occurred.  Hierefore,  it  vas  concluded  that  the  greater  strains 
suffered  by  the  monogranu]l.ar  specimens  composed  of  the  larger  particles 
resulted  from  particle  relocation  rather  than  particle  crushing.  Another 
indication  of  particle  breakage  vas  the  audible  cracking  and  popping 
of  the  individual  particles, which  was  ^ulte  prono\mced  vhen  the  particle 
crushing  strength  of  the  particles  vas  attained.  This  phenomenon  of  the 
greater  particle  relocation  and  associated  strain  for  the  specimens  com¬ 
posed  of  th.  larger  particles  could  be  associated  with  the  relative  density 
of  the  specimens;  however,  the  means  and  the  time  required  to  investi¬ 
gate  the  relative  densities  of  the  different  specimens  vas  beyond  the 
•cope  of  this  Investigation. 

The  effect  of  particle  relocation  at  loir  stresses  can  be  eliminated 
by  translating  the  stress-strain  curves  to  the  origin  at  a  common  stress 
level.  In  Figure  l'.l6,  the  stress-strain  curves  for  the  four  specimens 
were  translated  to  the  origin  at  a  stress  level  of  IrO  psl.  This  trans¬ 
lation  revealed  an  orderly  trend  in  the  behavior  pattern.  Hie  very  coaxse 
gravel  vas  the  stiffest  specimen  and  the  fine  gravel  was  the  least  stiff. 

The  medium  gravel  vas  sll^tly  stiffer  "^han  the  coarse  gravel  to  a  stress 
level  of  approximately  110  psi  at  which  point  the  coarse  gravel  became 
the  stiffer.  This  general  behavior  is  indicated  by  translation  at  any 
stress  level  above  Uo  psl  and  below  the  lowest  crushing  stress  level  of  I65  psl. 

There  appear  to  be  four  primary  effects  of  particle  size  variation 
on  the  one-dimensional  cot-.ression  behavior  of  menogranular  specimens. 


These  effects  are:  1}  the*  speclnena  eonposed  of  the  larger  particles 
suffered  greater  particle  relocation  at  lov  stiwas  levels;  2}  the  crushiog 
strength  of  the  particles  increased  as  the  particle  size  increased;  3}  the 
stiffness  of  the  speeloens  below  a  stress  level  of  approximately  200  psi 
varied  directly  with  the  size  of  the  particles  composing  the  specimens 
if  the  effect  of  particle  relocation  below  a  stress  level  of  20  psi  was 
eliminated;  and  U)  above  a  stress  level  of  approximately  300  psi,  there 
appeared  to  be  no  practical  difference  in  the  stress-strain  behavior  of 
the  four  different  sizes  of  Wabash  River  gravel  tested. 

U.3.U  Effect  of  Variation  of  Gradation 

The  effect  of  variation  of  gradation  from  uniformly  graded  to 
well  graded  was  investigated  by  comparison  of  the  tests  on  monogranular 
samples,  Tests  S-d  and  S-12,  with  a  test  on  a  well- graded  specimen 
coiiQ>08ed  of  particles  taken  fyora  the  monogranular  samples,  Test  S-13.  The 
results  of  these  four  tests  are  presented  in  Figure  k.lT  and  the  gradation 
curves  are  presented  in  Figure  k.lS. 

The  8tre8S-str6dn  behavior  for  the  vell>-graded  specimen  does  not 
appear  to  have  a  well-defined  level  of  particle  crushing  as  was  noted 
for  the  poorly  graded  specimens.  Also,  the  stress-strain  behavior  for 
the  well-graded  specimen  seems  to  be  intermediate  to  the  two  extremes 
demonstrated  by  the  very  coarse  and  fine  monogranular  specimens. 

k.3>5  Effect  of  Saturation  Prior  to  and  Subsequent  to 
Load  Application 

In  an  effort  to  detexvine  the  effect  of  moisture  on  the  one- 
dimensional  stress-strain  behavior  of  large  granular  materials,  tests 
were  conducted  on  ssnqtles  of  Wabash  River  gravel  and  crushed  limestone  in 
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vhleh  the  specinens  were  satureted  hoth  siibaequent  to  and  prior  to  loading. 
The  teetlng  progran  is  outlined  In  Tehle  U.l,  Qraln-elxe  distribution 
curves  for  the  sai^eB  of  crushed  llstestone  and  Vabash  Blver  graven  are 
presented  In  Plgurcs  b.8  and  U.13.  The  specinens  shidh  vere  saturated 
prior  to  loading  vere  placed  in  an  air-dry  state  to  produce  the  sane 
Initial  dry  density  and  then  saturated.  Subsequent  to  saturation,  the 
specinens  vere  alloved  to  stand  at  least  8  hours  prior  to  applying  the 
first  load  Increnent.  During  loading,  the  free  vater  surface  vas  naintalned 
vlthln  1/2  Inch  of  the  cushlon-epeclnen  Interface )  therefore,  the  excess 
pore  vater  head  vas  never  greater  than  1/2  Inch.  The  specinens  vhleh  vere 
saturated  subsequent  to  loading  vere  sidbjected  to  a  constant  vertical 
stress  (500  psl)  until  all  neasurable  creep  had  occurred  and  then  unloaded. 

The  results  of  tests  perfonaed  to  Investigate  the  effect  of  saturi^ 
tlon  prior  to  loading  are' presented  in  Figure  l).19.  The  specinens  for 
Tests  S-11  and  8-l8  vere  placed  air-dry^  saturated,  and  loaded.  The 
speclann  for  Test  S-IO  vas  placed  at  a  aoisture  vontent  of  loaded  to 
500  psl,  saturated, and  then  unloaded. 

The  nost  obvious  effect  of  the  saturation  prior  to  loading  vas 
the  reduction  of  the  stress  level  at  vhleh  particle  erusblng  vas  evident 
for  the  different  slsed  sai^les.  The  crushing  levels  are  denoted  on  Figure 
b.l9  and  vere  215,  ITO  and  150  psi  for  the  very  coarse,  coarse, and  fine 
specinens,  respectively.  It  should  be  noted  that,  as  vith  the  specinens 
vhleh  vere  loaded  air-dxy,  the  crushing  strength  of  the  saturated  particles 
increased  as  the  particle  sise  increased. 

The  results  for  the  testa  on  crushed  llnastone  are  presented  In 
Figure  4.20.  The  specinsn  fOr  Test  8>l6  vas  placed  air-dry,  statically 


loaded  to  500  psl,  and  then  saturated;  the  specimen  for  Test  S-I7  was 
placed  alr-diy,  saturated,  and  then  loaded  statically  to  500  psl;  and  the 
speclme'i  for  Test  S-19  vas  placed  at  a  moisture  content  of  loaded  at 
dlff^r^nt  rates  to  500  psl,  and  then  saturated.  The  loading  rate  for  Test 
3-19  vas  varied  to  provide  test  results  for  the  rate  of  loading  study 
reported  on  In  Sectl(»  U.3.6.  All  tests  vere  conducted  under  drained  con¬ 
ditions  . 

Cooiparlson  of  the  measured  hehavlor  for  Tests  S-IT  and  S-19  shows 
a  trend  toward  greater  conopresslhlllty  for  the  specimen  saturated  prior  to 
loading.  The  specimen  which  vas  placed  and  loaded  air-dry  esqperlenced  a 
27%  increase  In  total  deformation  when  saturated  at  a  stress  level  of  500  psl. 
This  final  deformation  was  approximately  20l%  greater  than  that  experienced 
by  the  specimens  saturated  before  loading. 

Test  results  on  a  saaqitle  of  vell«  graded  Vabash  River  gravel 
demonstrating  the  effect  of  specimen  saturation  prior  to  and  subsequent 
to  loading  are  presented  in  Figure  4.21.  The  stress-strain  curves  for  the 
two  sallies  vere  for  practical  purposes  Identical  to  a  stress  level  of 
approximately  350  psl.  Above  this  level,  the  saturated  specimen  vas  less 
stiff.  At  a  stress  level  of  5OO  psi,  the  total  deformation  of  the  saturated 
specimen  vas  approximately  10!^  greater  than  that  of  the  unsaturated.  When 
the  specimen  which  vas  loaded  to  500  psi  air-dry  vas  saturated,  the  addi¬ 
tional  deformation  which  occurred  amounted  to  an  increase  aooroximately 
25J^.  This  final  deformation  vas  approximately  15!(  greater  that  of  the 
specimen  which  vas  loaded  in  a  saturated  condition  to  500  psi. 

Test  results  for  a  uniformly  graded  specimen  of  medium  Vabash  River 
gravel  are  presented  in  Figure  4.22.  The  additional  deformation  which  this 
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specimen  suffered  i^on  saturstlen  at  a  stress  level  of  ^00  psl  amounted  to 
an  Increase  of  U2j{.  A  test  vas  not  conducted  on  a  specimen  of  this  material 
vhlch  had  been  saturated  prior  to  loading. 

The  results  of  three  tests  performed  on  a  uniformly  graded  sample  of 
fine  Vabash  River  gravel  are  presented  In  Figure  4.2].  The  specimen  for 
Test  S-8  vas  placed  and  loaded  air-dry  to  a  level  of  300  psl  and  then 
saturated.  The  sanple  for  Teat  &-U  vaa  placed  air-dry,  saturated, and  loaded 
(in  a  drained  state)  to  300  psl.  The  sai^le  for  Test  S-10  vas  soaked  for 
24  hours,  placed  at  a  residual  vater  content  of  4i^,  loaded  te  30C  psl,  and 
then  saturated.  The  stress-strain  curves  for  Tests  S-8  and  S-9  are  nearly 
Identical.  Baaed  on  the  results  of  the  aforementioned  tests  on  veil-graded 
Wabaah  River  gravel  (8-13  and  S-l4)  and  the  test  on  medium  uniformly  graded 
Wabash  River  gravel  (S-12) ,  the  test  results  for  Teat  S-9  should  have  been 
similar  to  those  for  Test  S-10.  Therefore,  Test  S-9  vaa  ignored  and  Tests 
8-8  and  S-10  vere  assumed  to  be  valid.  When  the  specimen  vhlch  vas  leaded 
to  300  psl  air-dry  (8-6)  vas  saturated,  the  additional  deformation  vhlch 
oseurred  amounted  te  an  increase  of  approximately  43)^.  This  final  deformation 
vas  approximately  20|  greater  than  that  of  the  speeimen  vhleh  vas  loaded  in 
a  meist  condition  to  300  pal  (S-IO).  The  speciawn  for  Test  8-10  vas  saturated 
at  a  stress  level  of  300  psl  and  no  additional  deformation  resulted. 

Teat  results  for  a  coarse,  vmifermly  graded  sample  ef  Wabaah  River 
gravel  are  presented  in  Figure  4.24.  The  speeimen  for  Test  8-6  vas  placed 
ana  loaded  air-dry ;  this  speeimen  vas  never  saturated.  The  specimen  for 
Tost  S-U  vas  placed  air-dry,  saturated  and  loaded  (in  a  drained  condition). 
The  speciman  vhlch  vas  loaded  in  a  saturated  condition  (B-ll)  suffered  a  tetal 
defermation  vhlch  vas  approximately  65I  greater  than  that  suffered  by  the 
specimen  placed  and  loaded  air-dry  (8-6)  at  a  stress  level  of  300  pel. 
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Test  results  for  a  ’^ery  coarse  xmiformly  graded  sample  of  Wabash 
River  gravel  are  presented  in  Figure  U.25.  The  specimen  for  Test  S-15  was 
placed  €md  loaded  air-dry  and  then  saturated.  The  specimen  for  Test  S-l8 
was  placed  air-dry,  saturated,  and  then  loaded.  When  the  specimen  which  was 
placed  and  loaded  air-dry  (S-I5)  was  saturated, an  additional  deformation  of 
approximately  30%  eccurred.  The  specimen  i^ich  was  loaded  in  a  saturated 
condition  (S-I8)  suffered  a  total  deformation  which  was  approximately  2')% 
greater  than  the  deformation  suffered  by  the  specimen  loaded  air-dry  after 
saturation  at  a  stress  level  of  300  psi. 

Thus,  the  well-graded  aaii5)lea  of  Wabash  River  gravel  and  crushed 
limestone  and  the  sample  of  fine  uniformly  graded  Wabash  River  gravel  all 
experienced  less  total  deformation  when  saturated  prior  to  loading  rather 
than  sub8e<iuent  to  loading.  However,  the  coarse  and  very  coarse  samples  of 
Wabash  River  gravel  experienced  more  total  deformation  when  saturated  prior 
to  loading  than  when  saturated  subsequent  to  loading. 

U.3,6  Effect  of  Rate  of  Loading 
.U,3,6.1  Introduction 

Three  samples  were  employed  in  this  test. series.  These  materials 
were  20-30  Ottawa  sand,  well-gi aded  crushed  limestone, and  a  coarse  to  fine 
sandy  silt  with  some  coarse  to  fine  gravel.  The  Ottawa  sand  is  described  in 
Section  4.2.1^and  the  results  of  a  mechanical  grain-slse  axialysis  for  the 
uaaple  are  presented  in  Figure  It.l.  The  crushed  limestone  is  described  in 
Section  U.2.1.2,  and  the  results  of  a  mechanical  graln-siee  analysis  are 
presented  in  Figure  4.2.  The  saiq>le  of  sandy  silt  was  taken  from  missile 
Site-3  and  is  described  in  Appendix  A.  The  results  of  a  mechanical  grain- 
slse  analysis  are  presented  in  Figure  A. 13. 
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4.3.6. 2  Ottawa  Sand 

The  effect  of  rate  of  loading  on  a  aaqile  of  20-30  Ottawa  aaad 
was  demonstrated  hy  a  static  teat  with  cyclic  loading  and  a  teat 

with  two  cycles  and  two  different  overpressures.  These  tests  were  discussed 
in  Section  3* 3. 4, 2,  and  the  resulting  stress-strain  behavier  is  presented 
in  Figure  3.29.  The  test  specimen  was  cycled  statically  to  pressures  hlid^er 
than  the  dynamic  evcrpresaurea;  therefore,  no  particle  rearrangement  or 
crushing  should  have  taken  place  during  the  dynamic  tests.  Hie  only  possible 
difference  in  the  stress-strain  behavior  for  the  static  and  dynamle  tests 
would  have  to  arise  from  pere  pressure  developed  during  the  dyumaie  tests  or 
from  inherent  strain  rate  affects  in  the  "effective**  stress-strain  relation¬ 
ship.  Neither  of  the  effects  apparently  manifested  themselves  in  the  dynamic 
tests  performed  as  evidenced  by  the  close  agre«ent  between  the  meaaured 
static  and  dynamic  streea-atraln  behavior'. 

4. 3. 6. 3  Crushed  Limestone 

The  test  serlea  designed  to  demonstrate  the  effect  of  rate  of  loading 
on  crushed  limestone  included:  Test  S«l6,  which  was  placed  and  statically 
loaded  alr-dryt  Test  8-17,  which  was  placed  air-dry,  saturate^  and  th«a 
statically  loaded;  Teat  3-4,  which  was  placed  and  loaded  air-dry  with  a 
loading  rate  of  50  pel  per  minute;  Test  8-19t  Vhich  was  placed  at  a  water 
content  of  3S  and  subjected  to  several  loading  rates;  and  Test  1^4,  whidi 
was  placed  and  loaded  alr-diy  with  a  preesure-rise  time  of  500  pel  in  33  msec. 
The  test  results  are  presented  in  Figure  4.26.  Dm  initial  dry  densities 
were  nearly  equal;  therefore,  the  differences  in  the  measured  strese-etrain 
b^aviot  .jst  have  been  the  result  of  differences  in  water  eontwt  and/or 
dAfferencea  in  rate  of  loading. 
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The  test  apeelaens  for  Tests  S-U  and  S>l6  vere  both  pieced  and 
loaded  air-dry.  Test  S~l6  vas  a  static  test  while  a  loading  rate  of  ^  psl 
per  Blnute  was  used  for  Test  S-U.  l^e  measured  stress-strain  behavior  was 
nearly  Identical  to  a  stress  level  of  approximately  250  psl.  Above  250  psl 
the  statically  loaded  speclsun  (S*-l6}  deflected  approxlsmtely  10!^  more  than 
the  specimen  loaded  at  the  rate  of  50  psl  per  minute  (S-U). 

nie  specimen  for  Test  S-19  was  loaded  as  rapidly  as  possible,  using 
the  static  loading  system  to  i^roxlmately  U5  pel.  The  pressure  was  brought 
up  to  50  psl  and  held  at  that  level  until  the  creep  amounted  to  less  than 
0.001  Inehes/hour.  nie  pressure  vas  then  Increased  as  quickly  as  possible 
to  a  level  of  250  psl  with  deformation  readings  taken  during  the  pressxire 
Increase.  Because  of  the  change  in  preaaure  gradient  during  the  pressure 
rise  to  250  psl,  the  rate  of  loading  varied  from  approximately  200  pel/mlnute 
at  a  level  of  50  pal  to  60  pel/mlnute  at  250  pal.  llils  variation  In  loading 
rate  resulted  from  the  changes  In  pressure  gradient  between  the  gas  source 
and  the  expansion  ehaidier  as  the  pressure  In  the  ejqpanslon  chaiA>er  was 
Increased.  Above  a  pressure  level  of  250  psl,  the  specimen  was  tested 
statically,  l.e.,  tha  successive  Increments  of  load  vere  not  applied  until 
the  creep  amounted  to  less  than  0.001  inehes/hour. 

The  speeiasn  for  Test  8-17  was  placed  air-dry,  saturated,  and  loaded 
statically,  and  the  specimen  for  Test  S-19  vas  placed  vet  and  subjected  to 
several  loading  rates.  The  Initial  dry  densities  were  102.1  and  lOh.T  pcf 
for  teat  speeimsns  S-17  and  S-19,  respectively.  Therefore,  vlth  the  exception 
of  losdioghmte  effects,  the  specimens  should  have  etftibited  the  same  stress- 
strain  b^avior.  me  teat  specimen  loaded  rapidly  (S-I9)  vae  approximately 
35f  stiffer  than  the  teat  specistone  loaded  statically  over  the  axial  street 
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range  from  zero  to  130  pai.  Aa  the  axial  stress  vas  Increased  and  the 
loading  rate  vas  isereased  the  hehavior  of  the  test  speeiasn  leaded  rapidly 
(S-19)  approached  that  of  the  test  speeiaen  loaded  statically.  At  an  axial 
stress  of  23O  psi,  the  load  on  test  speeiaen  vas  held  constant  until  the 
creep  amounted  to  leas  than  O.OOl  inehesAour,  the  criterion  for  static 
loading.  The  final  defoioation  vas  lOj^  less  than  that  for  Test  S-17  at  a 
stress  level  of  230  pal.  Above  a  stress  level  of  230  pal,  test  speeiaen 
S-19  vas  subjected  to  static  loading.  The  resulting  stress-strain  curve 
merged  vlth  that  for  7sat  S-17  at  an  axial  stress  level  of  approxiaately 
UOO  psi.  The  stress-strain  behavior  for  the  speeiaen  subjected  to  varleus 
loading  rates  (S-I9)  for  the  stress  range  from  sere  to  100  psi  is  presented 
in  Figure  k.27.  Uhen  the  rate  of  loading  vas  reduced,  at«aa  addal  -stress  of 
U3  pel,  the  strains  Inereasod  and  creep  occurred  vfaen  the  axial  pressure  vas 
held  constant  at  30  psi.  Uhen  the  leading  vas  resuaed  vith  a  rate  ef  leading 
of  ^ppi^xiaately  200  psi/ainute,  the  stress-strain  curve  resuaed  the  trend 
ejdtibited  prior  to  holding  the  static  load  at  30  psi.  A  broken  line  in 
Figure  ii.27  indicates  vhat  the  probable  behavior  vould  have  been  bad  the 
loading  net  been  laterrupted. 

The  speciasn  for  Test  D-b  vas  placed  and  loaded  air-dry  and  had  aa 
Initial  dry  density  of  107.3  pef.  The  asasured  stress-strain  behavier  far 
test  specvoeo  0-k  should  be  coopered  to  that  for  speeiaen  8-16.  The  results 
of  the  dlTBaaic  test.  Test  D-ii,  are  valid  only  for  a  stress  level  greater 
than  approxiaately  230  psi  because  ef  everstress  during  early  tiaee  as 
discussed  in  Section  3. 3.^.2.  Above  a  stress  level  ef  230  psi,  the  deferaa- 
tions  for  test  speciasns  D-^  vere  asasured  to  be  ^n^rexlaately  stiffer 
than  for  the  static  speeiaen,  S-I6. 
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4. 3.6. It  Sandy  Silt 

The  coarse  to  fine  sandy  silt  vith  some  gravel  vas  subjected  to  a 
series  of  three  dynamic  overpressures  to  demonstrate  the  method  vhlch  could 
be  employed  to  measure  the  stress-strain  behavior  over  a  stress-range  In 
excess  of  the  stress  range  valid  for  one  dynamic  test  because  of  nonuniformity 
of  stresses  throughout  the  test  specimen.  The  stress  range  of  interest  vaa 
from  20  to  300  pal.  In  accordance  vith  the  criterion  established  in  Section 
3.3. 4.2,  the  measurement  of  the  stress-strain  behavior  over  the  stress  range 
from  20  to  300  psi  required  three  separate  test  cycles.  The  overpressures 
for  these  cycles  are  presented  in-  Figtire  4.28.  The  measured  stress-strain 
behavior  is  presented  in  Figure  4.29.  Those  portions  of  the  stress-strain 
curves  vhich  are  valid  are  c<»xnected  by  a  sisooth  curve. 

4.4  Ca«EP  TIMtS 

Tl:e  samples  tested  in  this  study  were  subject  to  creep  deformations 
I>articularly  when  tested  with  a  water  content  other  than  air-dry.  Sowers, 
et  al.  (1965)  determined  that  approximately  90II  of  the  creep  resulting  from 
saturation  occurred  within  500  to  1000  sdnutes  from  the  tine  the  load  vas 
applied  or  the  time  the  specimen  was  saturated.  For  the  purpose  of  this 
study,  test  specimens  were  allowed  to  creep  under  constant  loac  until  the 
rate  of  creep  was  less  than  0.001  inches  per  hour.  The  total  time  to  con¬ 
duct  a  given  static  test  varied  from  one  day  to  several  days. 
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TABLE  4 . 1  SUMMARY  OF  STATIC  TESTS  CONDUCTED  FOR  VARIATION  OF  PARAMETER  STUDY 
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GRADATION  CURVE  FOR  20-30  OTTAWA 
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FIGURE  4.5  GRADATION  CURVE  FOR  WABASH  RIVER  GRAVEL 
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FIGURE  4.9  STRESS-STRAIN  CURVES  DEMONSTRATING  E/FECT  OF  VARIATION 
OF  PARTICLE  SHAPE  IN  ONE-DIMENSIONAL  COMPRESSION 
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FZG'JEE  4,10  STBESS-STRAIN  BELATIONSHIP  FOR  20-30  OTTAWA 
ONE-DXMXKSXOlfAL  COMPRESSION 


AXIAL  STRAIN  {%) 

FIGURE  4.11  STRESS-SIIUIN  CURVES  DEMONSTRATING  EFFECT  OF  PARTICLE 
COMPOSITION  IN  ONE-DIMENSIONAL  CIWPRESSION 
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FIGURE  4.14  STRESS-STRAIN  CURVES  DEMONSTRATING  EFFECT  OF  VARIATION 
OF  PARTICLE  SIZE  IN  ONE-DIMENSIONAL  COMPRESSION 
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FIGURE  4.16  STRESS-STRAIN  CURVES  DEMONSTRATING  EFFECT  OF  VARIATION  OF  PARTICLE 
SIZE  IN  ONE-DIMENSIONAL  COMPRESSION  (TRANSLATED  ORIGIN) 
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•FIGURE  4.18  GRADATION  CURVES  FOR  WELL-GRADED  AND  POORLY  GRADED  WABASH  RIVER 
GRAVEL  SAMPLES 
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figure  4,19  STRESS-STRAIN  CURVES  DEMONSTRATING  EFFECT  OF  SATURATION 
ON  CRUSHING  STRENGTH  IN  WABASH  RIVER  GRAVEL 
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FIGURE  4.23  STRESS-STRAIN  CURVES  DEMONSTRATING  EFFECT  OF  SPECIMEN 
SATURATION  PRIOR  TO  AND  SUBSEQUENT  TO  LOADING  IN  ONE- 
DIMENSIONAL  COMPifESSION  FOR  FINE,  UNIFORMLY  GRADED. 
WABASH  RIVER  GRAVEL 
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CHAPTEP  5 
AMD  CONCLUSIONS 

t 

5.1  SUNMAHY 

A  testing  device  vhlch  la  capable  of  testing  one^dlmenslonal  com¬ 
pression  specimens  1*8  Inches  In  diameter  and  up  to  l1i  Inches  In  height 
was  developed  as  a  part  of  this  study.  The  device  Is  capable  of  developing 
static  axial  pressures  of  l600  psl  and  dynamic  axial  pressures  of  at  least 
800  psl  with  pressure  rise  times  as  fast  as  3  msec  with  cold  gas  used 
as  the  loading  medium.  Ihe  load  Is  applied  to  the  test  specimen  by  means 
of  a  flexible  dlaj^ragm,  and  deflections  are  measured  by  monitoring  the 
movement  of  the  top  surface  of  the  test  specimen  relative  to  the  bottom 
surface  with  a  slide  wire  gage  vhlch  Is  mounted  below  the  test  specimen. 

Hie  pore  water  pressures  may  be  measured  and  the  water  content  of  the 
test  specimen  may  be  altered  during  a  test  If  desired. 

Ihe  testing  device  was  proof -tested  following  construction  by  a 
series  of  calibration  tests  and  a  series  of  static  and  dynamic  tests 
employing  Ottawa  sand  as  a  standard. 

'ubsequent  to  the  proof-testing  of  the  testing  device,  an  experi¬ 
mental  study  was  conducted  to  Investigate  the  effects  of  the  variation 
of  certain  parameters  on  the  one-dlmenslonal  compression  characteristics 
of  granular  materials  and  Included  tests  on  Ottawa  sand,  crushed  limestone, 
Wabash  Plver  gravel  and  North  Dakota  river  gravel.  The  study  was.  In 
genertd,  limited  to  a  stress  range  of  from  0  to  500  pal,  althoui^  some 


ISO 


teats  were  carried  to  1000  psi.  The  variation  of  parameter  study  included 
Investigation  into;  !)  the  effect  of  variation  of  particle  shape  and 
composition;  2)  the  effect  of  variation  of  particle  size;  3)  the  effect 
of  variation  of  gradation;  U)  the  effect  of  saturation  prior  to  and  sub- 
seciuent  to  load  application;  and  5)  the  effect  of  rate  of  loading. 

Soil  samples  were  also  collected  from  three  missile  sites  in  the 
United  States .  Specimens  which  simulated  in  situ  conditions  were  pre¬ 
pared  from  the  samples  collected  and  subjected  to  both  static  sM  dynamic 
loading. 

Representative  static  and  dynamic  stress-strain  curves  lor  the 
materials  tested  are  presented  in  Figures  5»1  and  5.2.  In  Figoie  5«2 
only  those  portions  of  the  dynamic  stress-strain  curves  considered  valid 
are  presented;  therefore,  the  curves  do  not  pass  throu^  the  origin. 

The  stlffest  material  tested  statically  was  Ottawa  sand;  Wabash  River 
gravel  and  North  Dakota  river  gravel  were  Intermediate;  and  crushed  lime¬ 
stone  was  the  least  stiff  material.  Typical  secant  moduli  for  a  stress 
level  of  500  psi  were  62,500  psi,  15,200  psi  and  5,500  psi  for  Ottawa 
sand,  river  gravel,  and  crushed  limestone,  respectively.  TVie  stlffest 
material  tested  dynamically  was  Ottawa  sand.  No  dynamic  testa  were  con¬ 
ducted  on  samples  of  river  gravel.  The  Ottawa  sand  had  a  contrained 
B»dulu8  of  approximately  25,000  psi  at  an  axial  stress  level  of  150  psi, 
and  crushed  limestone  had  a  constrained  modulus  of  approximately  10,000  psi 
at  an  axial  stress  level  of  1^50  pel.  It  should  be  noted  that  dynamic 
tests  D-6  through  D-12  were  conducted  on  soil  specimens  placed  at  densities 
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and  water  contents  simulating  field  conditions  at  missile  sites  and  small 
variations  in  water  contents  may  change  the  resiilts  considerably. 

5.2  CONCLUSIONS 

5.2.1  Static  Testing  Capabilities 

The  comparison  of  the  static  test  results  with  the  DLG  on  Ottawa 
sand  compare  favorably  with  those  published  by  other  researchers.  In 
particular,  the  results  obtained  using  the  aero  lateral  strain  device 
developed  by  H*  dron  and  the  segmented  ring  boundary  device  developed  by 
Zaccor  show  very  close  agreement  .with  those  obtained  with  the  DLG.  There¬ 
fore,  we  may  conclude  that  with  respect  to  static  tests  on  specimens  com¬ 
posed  of  sand-sized  particles,  results  obtained  with  the  DLG  are  at 
least  as  accxirate  as  the  best  devices  currently  being  employed. 

This  conclusion  regarding  the  acctiracy  of  the  DLG  may  be  broadened 
to  include  test  results  on  specimens  with  leurger  particle  sizes.  There 
is,  however,  an  upper  limit  to  the  ^Icle  size  which  can  be  tested 
with  euiy  degree  of  accuracy.  This  upper  limit  cannot  be  determined  exactly 
until  devices  capable  of  testing  much  larger  specimens  have  been  developed. 
For  the  purpose  of  this  study,  it  was  assumed  that  with  a  specimen  height 
of  12  Inches  and  a  specimen  diameter  of  ^8  inches,  a  maximum  particle 
size  of  3  Inches  could  be  tolerated  in  a  well-graded  specimen.  Subse¬ 
quent  bo  the  construction  of  this  testing  device,  Fumagalll  (1969)  pub¬ 
lished  results  which  indicate  that  perhaps  the  maximum  particle  site  for 
a  well- graded  specimen  should  not  exceed  2.5  inches  and  that  the  maximum 
particle  size  for  a  uniformly  graded  specimen  should  be  somewhat  smaller. 
All  the  samples  tested  met  Fumagalll 's  linlts  with  the  exception  of  that 
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from  missiJe  site-l.  The  test  specimens  for  this  site  were  restricted 
to  a  maximum  particle  size  of  3  inches  (see  Figure  A.l).  Therefore,  it 
is  concluded  that  the  test  results  were  not  adversely  affected  by  testing 
particle  sizes  too  large  for  the  test  specimen  dimensions. 

5.2.2  Pynamlc  Testing  Capabilities 

The  accuracy  with  which  the  DLG  could  measure  the  dynamic  stress- 
strain  characteristics  of  a  granular  material  were  determined  from  the 
proof-test  results  on  the  individual  components  of  the  DLG  and  dynamic 
proof  ,23ts  on  a  specimen  of  Ottawa  sand. 

The  slide  wire  gage  was  tested  statically  on  a  test  stand  uid 
found  to  have  a  threshold  of  0.0003  inches  and  a  repeatability  of  better 
than  99lf  as  indicated  by  a  pen  ontage  deviation  from  the  mean  of  less 
than  15.  The  slide  wire  gage  was  also  tested  dynamically  on  the  test 
stand  and  shown  to  experience  no  wiper  lift.  The  maximum  breakout  friction 
was  measured  to  be  0.1  lb  wnlch  corrc-’ponda  -.o  a  shortening  of  the  actuating 
rod  connecting  the  deformation  plate  and  the  slide  wire  gage  of  leas 
than  0.0001  Inches;  the  dynamic  characteristics  of  the  actuating  rod- 
slide  wire  gage  pickup  system  were  shown  to  be  negligible;  and  finally 
a  strain  gage  was  attached  to  the  actuating  rod  ismiediately  above  the  slide 
wire  gage  pickup,  and  the  shortening  of  the  rod  was  measured  to  be  less 
than  0.002  Inches  during  the  first  10  msec  of  a  dynamic  test  and  after 
approximately  10  msec,  deformations  of  the  actuating  rod  did  not  exceed 
0.001  Inches.  Therefore,  with  respect  to  the  measurement  of  deformations, 
we  may  conclude  that  after  the  first  10  nsec,  the  error  In  measurement 
should  be  less  than  0.0015  Inches. 


nie  preasure  acting  on  the  auirface  of  a  teat  apeclmen  vaa  measured 
by  four  Kiatler  quartz  preaaure  transducers,  models  fiOlA  and  6o6a,  which 
were  mounted  In  the  seal  ring  at  Uo  degrees  to  one  another.  These  trans¬ 
ducers  were  calibrated  Imedlately  prior  to  the  application  of  the  dynamic 
overpressure  and,  therefore,  the  error  In  pressure  measurement  was  assumed 
to  be  the  maximum  deviation  from  the  average  pressure.  This  deviation 
was  measured  to  be  as  great  as  5  pal  regardless  of  stress  level.  Therefore, 
it  is  concluded  that  the  error  In  the  measurement  of  preasure  acting  on 
the  top  surface  of  the  test  specimen  did  not  exceed  3  pel-  However,  because  of 
the  dynamic  character  of  the  preaaure  applied  to  the  top  of  a  teat  speci¬ 
men,  the  axial  stress  within  a  teat  apeclmen  is  not  necessarily  known  to 
within  5  pal. 

In  order  to  determine  the  dynamic  stress-strain  properties  of  a 
teat  specimen.  It  was  necessary  to  employ  a  fast  pressure  rise  time  and 
the  fast  presaure-rlse  time  produced  nonuniform  stress  conditions  throughout 
the  test  specimen  during  a  portion  of  the  test.  Ihe  passage  of  the  stress 
wave  through  th  '  test  specimen  was  computed  by  making  several  simplifying 
assumptions.  The  results  of  this  computation  Indicated  that  the  maxlaun 
overatreas  occurred  between  3  and  6  msec  after  the  start  of  a  teat  and 
that  this  overatreas  could  be  as  great  as  18)^  of  the  measured  expenelon 
chember  preeeure.  The  time  of  the  overetreee  correcpondcd  well  vlth  the 
observed  experimental  behavior;  however,  the  magnitude  of  the  overatreea 
aa  detensined  experimentally  vaa  about  twice  that  computed  theoretically. 

It  ie  ccmcluded  that  the  measured  axial  preaaure  should  not  be  considered 
sa  repreaentlitg  the  axial  strcaa  acting  within  a  test  specimen  except  for 
tlmee  later  than  9  msec  aftsr  the  start  of  the  test  aasusdng  that  a 
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pressure-rise  tine  of  approximately  msec  Is  employed  and  that  the 
average  stress  within  a  test  specimen  may  vary  from  the  measured  axial 
pressure  hy  as  much  as  10J(.  Thus,  the  maximum  dynamic  stress  to  which 
a  specimen  is  subjected  must  be  selected  so  that  the  stress  range  of 
Interest  occurs  between  approximately  10  and  25  msec  after  the  start  of 
the  test. 

In  order  to  verify  that  the  DLC  could  measure  the  dynamic  ono- 
dlmenslonal  stress-strain  characteristics  accurately,  a  static  and  dynamic 
test  seriea  was  conducted  on  a  material  whose  one-dimensional  stress- 
strain  characteristics  were  nearly  the  same  under  both  static  and  dynamic 
conditions .  A  specimen  of  Ottawa  sand  was  repeatedly  loaded  until 
the  shapes  of  the  stress-strain  curves  did  not  vary  from  cycle  to  cycle 
with  the  exception  of  a  sll^t  increase  in  strain.  Svtbsequent  tc  the 
sixth  cycle,  the  specimen  was  preloaded  to  50  psi  and  loaded  dynamically 
to  approximately  100  psi,  then  preloaded  to  50  psi  again  and  loaded  to 
approximately  250  psi.  The  dynamic  and  static  test  results  showed  ex¬ 
cellent  agreement. 

Therefore,  based  on  the  proof  testing  of  the  individual  components  of 
the  system  and  the  results  of  the  proof  tests,  it  is  concluded  that  dynamic 
one-dimensional  stress-strain  characteristics  of  a  test  specimen  can  be 
determined  to  within  10)(  of  the  accuracy  with  which  the  one-dimensional 
static  stress -strain  c'  racteristics  can  be  determined  with  the  DLG. 

5*2.3  Variation  of  Parameter  Study 
5. 2. 3*1  General 

The  conclusions  drawn  from  the  variation  of  paxameter  study  are  based 
on  teats  conducted  on  four  materials,  viz.,  20-30  Ottawa  sand,  crushed  limestone, 


Wabash  River  gravel,  and  Rorth  Dakota  river  gravel.  Because  of  the  length 
of  tine  ret^ulred  to  conduct  a  test  and  reduce  the  data,  the  conclusions 
are  based  on  the  results  of  a  limited  nusfber  of  tests. 

5. 2. 3. 2  Effect  of  Seating  Error 

The  effect  of  seating  error  vas  demonstrated  by  tests  on  crushed 
limestone.  Static  and  dynamic  tests  vere  conducted  on  the  same  sample  of 
crushed  limestone  with  no  measures  taken  to  prevent  seating  error  for  one 
static  teat  and  one  dynamic  test  and  a  matrix  of  Eydrocal  employed  to  elimi¬ 
nate  seating  error  and  point  crushing  against  the  defomation  plate  and 
the  bottom  of  the  specimen  container  in  the  other  teat.  The  total  strains 
corresponding  to  a  stress  level  of  50  psi  for  the  static  test  and  250  psi 
for  the  dynamic  test  were  larger  by  a  strain  of  approximately  1.5!f  for 
the  specimens  which  did  not  employ  a  seating  mediw.  This  difference  in 
total  atra}.n  remained  approximately  constant  throughout  the  test.  The 
strain  differential  for  the  dynamic  test  appeared  to  occur  at  a  stress 
level  of  approximately  100  psij  however,  because  of  nonuniformity  of 
stress  conditions,  the  test  results  are  not  valid  below  about  250  psi. 

Therefore,  it  is  concluded  that  for  the  testing  of  coarse-grained 
granular  materials,  a  seating  medium  should  be  employed  to  eliminate  seating 
error  and  particle  crushing  against  the  top  and  bottom  plates  of  the  speci¬ 
men  container,  further,  with  even  fine-grained  soils,  a  seating  medium 
should  be  employed  for  the  deformation  plate  tc  jure  intimate  contact 
between  the  plate  and  the  top  of  the  test  specimens. 

5. 2. 3.3  Effect  of  Variation  of  Particle  Shape  and  Composition 

The  effect  of  particle  shape  was  investigated  by  static  tests  on 

samples  of  angular  crushed  limestone  and  suhrounded  to  rounded  Vabaah 
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River  gravel.  The  one-dimenalonal  atreaa-atraln  behavior  measured  for 
the  crushed  limestone  waa  much  leas  stiff  than  that  for  the  Wabaah  River 
gravel.  This  effect  la  related  to  particle  composition  as  well  as  shape; 
however,  it  is  concluded  that  the  primary  factor  which  controlled  the 
behavior  was  the  greater  stress  concentrations  and  lower  strength  at  points 
of  contact  for  the  more  angular  particles  of  crushed  limestone.  Therefore, 
other  specimen  characteristics  being  equivalent,  the  more  angular  the 
individual  particles  of  a  given  specimen,  the  greater  deformation  of  the 
specimen  at  any  given  stress  level . 

•Bie  effect  of  particle  composition  was  investigated  by  static 
testa  on  samples  of  Ottawa  sand.  North  Dakota  river  gravel,  and  Wabash  River 
gravel.  The  test  on  Ottawa  sand  demonstrated  the  ’’locking"  behavior 
eharaeterlstics  of  a  particulate  material  below  the  stress  level  which  in¬ 
duces  particle  crushing  and  the  tests  on  the  river  gravels  provided  test 
data  for  two  test  specimens  which  had  similar  characteristics  but  were 
composed  of  particles  with  different  crushing  strengths.  The  last  results 
indicated  that  the  specimen  composed  of  the  x>ertlcles  with  the  hif^er 
particle  crushing  level  exhibited  "locking"  behavior  relative  to  the  other 
gravel.  Therefore,  it  is  concluded  that  for  a  given  gradation,  particle 
shape, and  density,  the  higher  the  crushing  level  of  the  individual  particles, 
the  stlffer  the  behavior  in  one-dimensional  compression. 

5>2.3.U  Effect  of  Variation  of  Particle  Size 

The  effect  of  variation  of  particle-size  investigation  was  conducted 
on  a  sample  of  Wabash  River  gravel  which  was  broken  into  four  samples  with 
essentially  single  prrtlele  sizes. 

The  test  results  shoved  the  unifomly  graded  specimen 
with  the  larger  particle  sizes  to  suffer  greater  strains  than  the  specimens 
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with  smaller  particle  sizes  at  low  stress  levels,  below  20  psi.  Also  the 
stress  level  at  which  particle  crushing  occurred  was  shown  to  be  lowest 
for  the  smallest  particle  size  and  hipest  for  the  largest  particle  size. 
Between  the  stress  levels  of  20  and  300  psi,  the  stiffness  of  the  specimens 
varied  directly  with  the  particle  sizes  making  up  the  specimens  and  above 
a  stress  level  of  300  psi,  there  appeared  to  be  little  difference  in  the 
stress-strain  curves  for  the  different  specimens. 

It  was  concluded  that  the  difference  in  the  behavior  of  the  uniformly 
graded  specimens  reflected  the  different  compressive  strengths  of  the  indi¬ 
vidual  particles.  That  is,  the  smaller  the  particle  in  a  river  gravel, the 
lower  the  compressive  strength  of  the  material  composing  the  puTtlcle.  And 
the  larger  the  particle,  the  greater  the  strength  and  the  more  resistant 
to  b-.eakage.  The  greater  particle  relocation  suffered  by  the  uniformly 
graded  specimens  with  large  particle  sizes  probably  resulted  from  initial 
relative  densities  indicating  that  the  larger  the  grain  size,  the  greater 
the  compactl.’e  effort  required  to  achieve  a  given  relative  density. 

5. 2. 3. 5  1 ’feet  of  Variation  of  Gradation 

The  effe.Tt  of  variation  of  gradation  was  Investigated  by  comparison 
of  the  results  of  testa  performed  on  fine,  medium,  and  coarse  monogreuiular 
specimens  and  one  specimen  made  up  by  equal  weights  of  the  fine,  medium, 
and  coarse  materials ^  The  stress-strain  behavior  was  Intermediate  to 
that  of  the  poorly  graded  specimens,  and  there  was  no  well-defined  stress 
level  at  which  particle  crushing  occurred.  Because  the  differences  in 
the  stress-strain  curves  wers  so  sli^t,  it  can  not  be  ascertained  vhether 
these  differences  indicated  a  behavior  trend  or  merely  were  the  result 
of  random  variability  between  test  specimens. 
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5. 2. 3. 6  Effect  of  Saturation  Prior  to  and  Subsequent  to 
Load  Application 

The  effect  of  saturation  prior  to  and  subsequent  to  load  application 
vas  investigated  by  testing  two  speclme'is  of  most  of  the  samples  of  granular 
materials .  One  of  the  specimens  of  a  given  sample  would  be  placed  and  loaded 
in  the  air-dry  state,  then  saturated  and  luiloaded.  !nie  other  specimen  of  the 
same  sample  would  be  placed  air-dry,  saturated,  and  then  loaded  and  unloaded. 

Saturating  the  specimens  prior  to  loading  caused  a  decrease  in 
the  particle  crushing  stress  level  relative  to  that  measured  for  the 
samples  placed  and  loaded  air-dry.  Ihis  decrease  in  crushing  level  amounted 
to  approximately  25!^  for  the  coarse  and  verj''  coarse  specimens  and  10)^ 
for  the  fine  specimen.  The  saturated  specimens  demonstrated  the  same 
relative  crushing  strengths  as  the  unsaturated  specimens,  l.e.,  the  fine 
monogranular  specimen  crushed  at  the  lowest  stress,  the  coarse  specimen  at 
an  intermediate  stress  and  the  very  coarse  specimen  at  the  hij^est  stress 
level.  It  is  concluded  that  the  addition  of  water  causes  a  reduction  in  the 
compressive  strength  of  the  Wabash  River  gravel  and  a  decrease  in  the  friction 
between  the  individual  grains. 

The  difference  in  the  behavior  of  well-graded  and  uniformly  graded 
specimens  saturated  prior  to  and  subsequent  to  loading  differed  markedly. 

Well- graded  specimens  of  Wabash  River  gravel  and  crushed  limestone  which  were 
saturated  prior  to  loading  suffered  5  to  10!(  more  strain  at  a  stress  of  900 
psi  them  the  specimens  placed, and  loaded  air-dry  before  saturation.  Upon 
saturation  the  specimens  loaded  air-dry  experienced  between  20  and  25% 
additional  strain.  Therefore,  the  specimens  which  were  placed  and  loaded 
air  dry  and  then  saturated  suffered  a  final  deformation  which  was  from 
19  to  20%  greater  than  that  of  the  specimens  placed  air-dry,  saturated,  and 
then  loaded.  Ihe  saturated  tests  were  loaded  in  a  drained  condition. 
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The  Eionogranular  specimens  of  Wabash  River  gravel  which  were  placed 
and  loaded  air-dry  suffered  an  additional  deformation  of  between  25  and 
at  a  stress  level  of  500  psi  when  saturated.  Tlie  uniformly  graded  specimens 
which  were  placed  air-dry,  saturated,  and  then  loaded  suf^'ered  between  20  and 
60%  more  strain  then  the  specimens  loaded  air-dry  before  saturation.  The 
fine  specimen  which  was  saturated  subsequent  to  loading  had  a  greater 
total  deformation  after  saturation  than  did  the  specimen  which  was  saturated 
prior  to  loading  as  did  the  well-graded  specimens  of  both  Wabash  River  gravel 
and  crushed  limestone.  However,  the  coarse  and  very  coarse  specimens  which 
were  saturated  subsequent  to  loading  suffered  less  total  deformation  than  the 
specimens  saturated  prior  to  loading. 

It  is  concluded  that  well “graded  fills  constructed  dry  may  suffer 
20  to  25?!  tadditional  deformation  upon  saturation  with  no  increased  load. 

This  additional  settlement  resulting  from  saturation  cnce  in  place  can  be 
avoided  by  using  sufficient  moisture  during  placement. 

5. 2. 3. 7  Effect  of  Rate  of  Loading 
Cynamic  tests  were  conducted  on  samples  of  Ottawa  sand  and  crushed 
limestone  as  well  as  tiie  missile  site  samples.  The  tests  of  missile  site 
aampies  were  conducted  on  specimens  prepared  to  simulate  in  situ  conditions 
and  were,  therefore,  not  subjected  to  repeated  tests  as  required  for  a 
variation  of  parameter  studj-.  Dynamic  tests  on  Ottawa  sand  have  been  con¬ 
ducted  by  others  and  the  teats  included  in  this  study  were  primarily  for 
proof  testing  of  equipment.  Thus,  tests  to  investigate  the  effects  of  rate 
of  loading  were  limited  primarily  to  a  sample  of  crushe  '  limestone. 

The  test  results  on  crushed  limestone  Indicated  that  the  strain 
rate  effects  arc  dependent  on  the  stress  rate  employed.  A  loading  rate  of 
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50  psi/inlnute  caused  an  Increase  in  stiffness  relative  to  a  specimen  loaded 
statically  of  approximately  10/{;  a  loading  rate  of  200  psl/minute  caused 
an  Increase  in  stiffness  of  approximately  35^;  and  a  dynamic  test  caused 
an  Increjise  In  stiffness  of  approximately  Uo)J. 

The  Increasing  of  the  rate  of  loading  to  pressure -rise  times  of 
the  order  of  25  to  30  msec  produced  nonuniform  stress  conditions  throuj^out 
the  test  specimens  at  early  times  d\u:‘ing  a  test.  It  Is  concluded  that  the 
dynamic  stress-strain  data  should  not  he  considered  valid  for  times  less 
than  9  msec  when  pressure-rise  times  of  from  25  to  30  msec  were  employed. 
Nearly  complete  stress  ranges  can  he  Investigated  hy  varying  the  maximum 
overpressure  such  that  the  pressures  of  Interest  occur  between  9  and  25 
msec  after  the  start  of  a  teat.  This  procedure  was  demonstrated  hy  Test  D-12. 

5 . 2 . U  Creep  Deformation 

Some  of  the  materials  tested,  particularly  when  saturated,  were 
subject  to  creep.  The  specimens  which  were  subject  to  creep  were  allowed 
to  deform  under  constant  load  until  the  rate  of  creep  was  less  than  0.001 
Inches/hour.  It  la  concluded  that  this  rate  of  creep  criterion  corresponded 
to  at  least  90<  of  the  total  deformation  and  wa-  the  practical  limit  of 
the  total  time  of  the  test. 

5.3  SUGGESTIONS  POF  FURTHER  RESEARCH 

The  variation  of  pfurameter  study  as  reported  herein  was  Intended 
to  define  general  trends  In  the  one-dimenslonal  compression  behavior  of 
large  granular  materials.  The  mechanlssm  of  these  trends  are  only  speculated 
on.  X..  order  to  establish  conclusively  the  mechanisms  Involved,  many  more 
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series  of  tests  must  be  conducted  on  samples  vhlch  are  selected  to  eliminate 
as  nearly  as  possible  variations  of  all  parameters  except  that  one  parameter 
being  investigated. 

The  first  variable  which  should  be  investigated  is  the  effect  of  the 
initial  dry  density.  In  order  to  investigace  this  variable,  a  means  must  be 
developed  for  determining  the  relative  density  for  large  granular  materials. 
Knowledge  of  the  influence  of  initial  dry  density  is  essential  for 
evaluating  the  results  of  the  variations  of  all  other  parameters. 

Subsequent  to  establishing  a  means  for  evaluating  relative  densities 
and  investigating  the  effect  of  variation  of  initial  dry  density,  the  effects 
of  variations  of  the  other  parameters  should  be  investigated  in  a  systematic 
manner  with  the  scope  of  the  investigation  limited  to  the  extent  that  several 
tests  can  be  performed  on  each  sample,  thereby  demonstrating  the  repeata¬ 
bility  of  the  behavior.  Fui'ther  to  establish  the  mechanisms  of  the  varia¬ 
tions  in  behavior  of  the  materials,  extensive  grain-size  analyses  should  be 
performed  on  the  test  specimens  after  being  subjected  to  different  axial 
pressures . 

Finally,  new  sources  for  materials  should  be  sought.  The  samples 
should  be  fresh  from  the  parent  rock  and  the  engineering  properties  of  the 
parent  rock  should  be  determined. 
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FIGURE  S.  I  SUMMARY  OF  STATIC  TEST  RES'JLTS 
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FIGURE  5.2  SUMMARY  OP  DYNAMIC  TEST  RESULTS 
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APPENDIX  A 

TESTS  ON  SAMPLES  FROM  MISSILE  SITES 

A.l  INTRODUCTION 

The  purpose  of  this  study  was  to  measvire  the  dynamic  constrained 
moduli  of  backfill  soils  from  three  missile  sites.  The  sites  of  interest  were 
site  1  near  Cheyenne,  Vtyoming,  site  2  near  Kimball,  Nebraska,  and  site  3  near 
Valley  City,  North  Dakota. 

Samples  of  the  soils  used  as  backfill  around  the  buried  structures  at 
missile  sites  1,  2,  and  3  were  obtained  and  returned  to  the  Struct\iral  Dynamics 
Testing  Laboratory  at  the  University  of  Illinois.  The  samples  were  classified 
according  to  routine  laboratory  tests,  brought  to  their  respective  field  water 
contents,  and  then  placed  in  the  DLG  specimen  container  at  their  approximate 
field  densities.  The  specimens  v/ere  preloaded  with  a  static  load  equived-ent 
to  the  overbvirden  presstire  acting  at  the  particular  depth  below  the  ground  sur- 
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face  the  specimen  was  designed  to  simulate,  and  then  loaded  with  a  dynamic 
stress  increment. 

A.2  LABORATORY  CLASSIFICATION  TESTS 

Routine  laboratory  classification  tests  were  performed  on  samples 
from  the  three  sites  at  the  University  of  Illinois  laboratories.  These  tests 
included  visual  classification,  mechanical  grain-size  analyses,  and  determina¬ 
tion  of  the  specific  gravities  of  the  solids  of  the  samples.  The  results  of 
these  tests  are  presented  in  Figures  A.l,  A,2,  suid  A. 3. 


A. 3  DYNAMIC  TESTS 

A. 3.1  Testing  Program 

The  testing  program,  as  presented  in  Table  A.l  was  designed  to  determine 
the  dynamic  constrained  moduli  of  the  backfill  materials  around  the  underground 
structures  at  sites  1,  2,  and  3  at  two  different  depths  beneath  the  groiind  sur¬ 
face.  The  depths  simulated  were  determined  primarily  by  the  availability  of 
information  concerning  the  in  situ  density  and  water  content.  The  static  pre¬ 
load  for  a  given  specimen  was  computed  using  the  average  unit  weight  of  the 
backfill  and  the  depth  the  specimen  was  to  simulate. 

A. 3. 2  Specimen  Preparation 

The  samples  were  brought  to  the  moisture  content  desired  and  allowed  to 
set  for  five  days  to  ensure  migration  of  the  water  throughout  the  specimen. 
Water  content  samples  were  taken  after  the  fourth  day  and  again  diiring  speci- 
ment  placement.  Prior  to  the  placement  of  the  specimen  in  the  specimen  con¬ 
tainer,  compaction  tests  were  run  in  a  circular  container  approximately  13 
inches  in  diameter  in  order  to  determine  the  compaction  effort  required  to  at¬ 
tain  the  desired  density. 

The  specimen  placement  technique  employed  was  identical  to  that  de¬ 
scribed  in  Section  3.3.2,  Specimen  Placement,  with  I^ydrocal  employed  on  the 
bottom  side  of  the  deformation  plate  to  minimize  seating  error  and  the  loading 
diaphragm  placed  as  described  in  Section  3.3.^.3>  Investigation  to  Define  In¬ 
cidental  Problems,  to  reduce  the  chance  of  rupturing  the  diaphragm.  I^ydrocal 
was  not  utilized  for  seating  the  deformation  plate  in  test  D-12  because  with 
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the  high  water  content,  the  s'orface  of  the  soil  specimen  was  quite  malleable 
and  intimate  contact  between  the  specimen  and  the  deformation  plate  was  easily 
obtained. 

A. 3. 3  Test  Results 

The  pressure-time  plots  and  the  stress-strain  plots  for  the  tests  con¬ 
ducted  on  the  missile  site  samples  are  presented  in  Figures  A.b  to  A.l;  ,  in¬ 
clusive.  Plots  of  the  constrained  secant  modulus  versus  axial  pressure  for 
sites  1,  2,  and  3,  are  presente'  in  Figures  A.l6  to  A. 21,  inclusive. 

The  backfill  materials  from  site  1  were  tested  in  tests  D-?  and  D-U 
and  both  samples  had  constrained  moduli  of  about  8000  psi  for  vertical  pres¬ 
sures  rsmging  from  100-300  psi.  Although  test  D-7  had  a  seating  load  of  6  psi 
and  D-11  had  a  seating  load  of  15  psi,  this  smadl  difference  in  initial  seating 
stress  did  not  significantly  affect  the  constrained  modulus. 

The  results  of  tests  D-9  eoid  D-10  shown  in  Figures  A. 18  and  A. 19  in¬ 
dicate  that  the  backfill  material-  frcan  site  2  had  constrained  moduli  of 
6OOO-80OO  psi  for  pressure  levels  between  3OO  and  6OO  psi  at  the  water  con¬ 
tent  and  densities  tested.  These  tests  also  showed  that  the  small  difference 
in  seating  loads  of  7  and  21  psi  did  not  significantly  affect  the  test  results. 

Specimens  of  site  3  backfill  were  tested  at  a  lew  and  a  high  degree 
of  saturation  in  tests  D-6  and  D-12,  respectively.  Specimen  D-6  was  placed 
at  a  dry  density  of  108-2  pcf,  degree  of  saturatio’"  ,2  50^,  and  a  constrained 
modulus  was  measured  which  increased  from  14,000  psi  to  l8,000  psi  as  the 
pressure  increased  from  200  to  300  psi.  Specimen  D-12  was  placed  at  a  dry 
density  of  113  pcf,  a  degree  of  saturation  of  92“^,  and  a  constrained  modu¬ 
lus  was  measured  which  increased  from  3500  to  7000  as  the  pressure  increased 
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frcni  25  psi  to  250  psi.  These  test  results  are  sanewhat  of  a  surprise  since 
it  vas  exDected  that  specimen  D-12  would  be  stiffen  than  spec5jnen  D-6  due  to 
the  higher  degree  of  satui  ition  of  pecimen  D-12.  This  result  indicates  that 
we  may  not  yet  f'.ll^'  understand  the  eifects  of  displacement  water  content, 
compaction  energy,  and  initial  degree  of  saturation  on  the  constrained  modu¬ 
lus  of  soils. 


TABLE  A.l  DYNAMIC  TESTING  PROGRAM  FOR  SITES  1,  2,  &  3  MATERIALS 
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FIG.  A.  4  STRESS -TIME  RELATIONSHIP  MEASURED  AT  TOP 
OF  SPECIMEN,  TEST  D-7  (SITE  I) 
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FIG.  A.  5  STRESS  '  STRAM  RELATtORSHiP  IN  ONE ‘DIMENSIONAL 
COMPRESSION. TEST  D-7  (SITE  I) 
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FIG.  A.«  STRESS -TIME  RELATIONSHIP  MEASURED  AT  TOP 
OF  SPECIMEN^ TEST  O-ll  (SITE  H 
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HG.  A.7  STRESS -STRAM  RaATiONSHiP  IN  OfC- DIMENSIONAL 
COMPRESSION.  TEST  D*ll  (SITE  1) 
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FIG.  A.8  STRESS -TIME  RELATIONSHIP  MEASURED  AT  TOP 
OF  SPECIMEN,  TEST  0-9  (SITE  2) 
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STRESS -STRAW  RaATiONSHiP  W  OfC- DIMENSIONAL 
COMPRESSION,  TtST  D-9  (SITE  2) 
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FIG.  A.  12  STRESS -TIME  RELATIONSHIP  MEASURED  AT  TOP 
OF  SPECIMEN.  TESTD-6(SITE  3) 


I08.2pcf 
10.9  % 
SO.O  % 
28  ms«c. 


6 


Data  Inconclusive  (See 
Section  3. 3. 4. 2) 


■■■■■ 

RiBIH 


lUHHBIIi _ 

Hnnawllaai 

nalaawiaaai 


Axiol  Strain,  % 

FIG.  A.13  STRESS -STRAIN  RELATIONSHIP  IN  ONE -DIMENSIONAL 
COMPRESSION,  TEST  D-6  (SITE  3) 
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FIG.a.14  stress -time  relationship  measured  at  top 
OF  SPECIMEN,  test  D-12  (SITE  3) 
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FIG.  a.15  stress  -  strain  relationship  in  one -dimensional 
COMPRESSION,  TEST  D-12  (SITE  3) 
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A.  16  CONSTRAINED  MOOUtUS-AXlAL  STRESS  REUT10NSHI 
TEST  0-7  (SITE  I) 
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APPENDIX  B 

DESCRIPTION  AND  OPERATION  OF  THE  DYNAHIC.LOAD  GENERATOR 

B.l  INTRODUCTION  AND  SUMMARY 

'^he  Dynamic  Load  Generator  (DLG)  was  developed  by  the  Department  of 
Civil  Engineering  at  the  University  of  Illinois  under  the  Joint  sponsorship 
of  the  Air  Force  Weapons  Laboratory  and  the  Defense  Atomic  Support  Agency. 
The  DLG  accommodates  a  test  specimen  k  feet  in  diameter  and  8  feet  high  and 
has  the  capability  of  producing  static  pressures  in  excess  of  1000  pfi  or 
dynamic  pressures  up  to  900  psi  with  controllable  rise,  dwell,  and  decay 
times . 

An  abreviated  description  of  the  DLG  is  presented  in  this  report  to 
enable  the  reader  to  better  understand  the  utilization  of  the  equipment  in 
the  study  covered  by  this  report.  Here  detailed  information  regarding  the 
DLG  may  be  found  in  publications  by  Prendergast  (1968),  Sinnamon  (1968)  and 
Grimes  (1966). 

B.2  DESCRIPTION  OF  THE  DYNAMIC  LOAD  GENERATOR 

B.2.1  Load  Cells 

The  icad  cells  are  mounted  on  the  support  system  which  is  in  turn 
affixed  lO  the  foundation  as  shown  in  Figure  2.1.  The  load  cells  house  the 
main  and  decay  valves  and  their  triggering  mechanisms.  A  schematic  cross 
section  of  one  of  the  seven  load  cells  is  presented  in  Figure  B.l. 
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The  main  valve  Is  cooiposed  basically  of  a  main  valve  actuating  piston, 
a  main  valve  shaft,  and  a  main  valve  piston.  The  main  valve  piston  seals  the 
ports  which  form  an  orifice  for  controlling  the  gas  flow  from  the  charging 
chamber  to  the  expansion  chamber  with  the  rate  of  flow  being  controlled  by 
the  position  of  the  adjustable  main  valve  sleeve  over  the  ports  in  the  main 
valve  cylinder.  The  main  valve  actuating  piston  when  loaded  provides  the 
driving  force  to  open  the  main  valve  in  the  individual  load  ceils. 

The  main  valve  is  maintained  in  the  closed  position  by  the  main  valve 
cart  which  is  held  in  place  by  the  main  valve  triggering  mechanism,  in  order 
to  open  the  main  valve,  the  lead  solenoid  is  energized  thereby  releasing  the 
main  valve  cart  which  is  rolled  horizontally  out  of  the  path  of  the  main  valve 
shaft  by  gas  pressure.  The  main  valve  shaft  then  is  forced  upward  by  the  main 
valve  actuating  piston,  and  the  main  valve  Is  opened. 

The  operation  of  the  decay  valve  is  quite  similar  to  that  of  the 
main  valve.  The  decay  valve  is  basically  composed  of  a  decay  valve  piston, 
decay  valve  shaft,  and  a  decay  valve  actuating  piston.  The  decay  valve  piston 
seals  the  ports  which  form  an  orifice  for  controlling  the  flow  of  gas  from 
the  charging  and  expansion  chambers  to  the  decay  chamber  with  the  rate  of  flow 
being  controlled  by  the  position  of  the  adjustable  decay  valve  sleeves  over  the 
ports  in  the  decay  valve  cylinder. 

The  decay  valve  is  actuated  by  energizing  the  decay  valve  solenoid  which 
actuates  an  exhaust  valve  which  is  in  communication  with  the  chamber  above  the 
decay  valve  actuating  piston  and  allows  the  decay  valve  to  open. 

B.2.2  Support  System  and  Foundation 

The  support  system  is  composed  of  a  steel  forging  encompased  by  special 
I-beams.  The  steel  forging  has  six  mach'ned  passageways  on  a  radius  of  17~l/lt 


inches  surrounding  a  central  passageway,  the  passageways  serving  as  the 
charging  changers  when  the  load  cells  are  installed.  The  support  system 
when  tied  to  the  foundation  by  seventy-two  l-i/4-inch  diameter  high-strength 
steel  rods  serves  as  a  reaction  for  the  gas  pressure  acting  on  the  surface 
of  a  test  specimen  and  provides  mass  and  stiffness  to  reduce  accelerations 
and  vibration  associated  with  the  firing  of  the  load  cells. 

The  foundation  for  the  DIG  is  monolithic  concrete  20  feet  by  22  feet 
in  plan  and  23  feet  deep.  The  support  system  Is  tied  to  the  foundation  through 
two  piers  incorporated  into  the  foundation  and  the  above  mentioned  post- 
tensioned  l-l/4-inch  steel  rods.  The  rods  provide  sufficient  force  to  maintain 
the  concrete  in  a  state  of  compression  under  the  maximum  upward  force  of 
approximateiy  iSOO  kips,  excluding  any  inertial  or  reflection  affects,  arising 
due  to  the  variations  in  the  velocity  of  stress  waves  in  steel,  concrete,  and 
soil.  Access  to  the  specimen  container  is  facilitated  by  a  recess  in  the 
foundation  as  shown  in  Figure  2.1. 

B.2.3.  Specimen  Container 

The  specimen  container  is  shown  in  Figures  2.1  and  2.2.  The  container 
is  composed  of  four  steel  sections  which  are  approximately  2  feet  high  and 
2  inches  thick.  The  individual  sections  are  provided  with  o~rings  such  that 
gastight  integrity  can  be  achieved.  The  bottom-most  ring  rests  on  the  base 
plate  which  is  grooved  and  fitted  with  an  0-ring.  The  base  plate  is  also  fitted 
with  instrumentation  plugs  to  provide  external  electrical  connection  to 
instrumentation  located  within  the  specimen  container.  The  specimen  container 
fully  assembled  provides  space  for  a  test  specimen  4  feet  in  diameter  and 
8  feet  In  height. 
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To  prevent  the  sections  of  the  specimen  container  from  separating 
during  unloading  of  a  specimen  because  of  specimen  rebound  and  sidewall 
friction,  the  container  was  put  in  a  state  of  axial  compression  by  six 
1-1/8- inch-diameter  post-tensioned  rods  which  were  threaded  Into  the  base 
plate  and  attached  to  brackets  welded  to  the  top  section  of  the  specimen 
container. 

Mobility  of  the  specimen  container  is  provided  by  four  hydraulic 
Jacks  which  link  the  base  plate  and  a  four-wheeled  cart  which  rides  on  a 
dual  track.  The  cart  is  deleted  from  Figure  2.1  for  clarity.  A  support 
for  the  base  plate  constructed  of  two  steel  plates  on  edge  provides  a  stand 
for  the  container  during  specimen  placement. 

B.2.4  Seal  Ring 

The  seal  ring  serves  as  the  outer  wall  of  the  expansiwii  chamber  and 
provides  airtight  integrity  for  the  connection  between  the  support  system  and 
the  specimen  container.  The  seal  ring  showing  the  support  system  and  specimen 
container  is  presented  in  Figure  2.2.  The  seal  ring  Is  free  to  slide  on  the 
top  section  of  the  specimen  container  when  not  bolted  to  the  support  system 
d  likewise  the  specimen  container  is  free  To  move  axially  within  the  seal 
ring  when  the  ring  is  bolted  to  the  support  system  permitting  relative  movement 
between  the  support  system  and  the  specimen  container  during  loading.  Movement 
of  the  seal  ring  container  Into  position  for  bolting  is  accomplished  by  two 
hydraulic  actuators  which  are  mounted  on  the  outside  wall  of  the  specimen 
container. 
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B.2.5  Grids 

Two  sets  of  perforated  steel  places  bolted  to  the  support  system  as 
shown  In  Figure  2  2  serve  to  distribute  the  Jets  of  high-pressure  gas  emitting 
from  the  load  cells  upon  opening  of  the  main  valves.  The  upper  grid  has  an 
unperforated  central  portion  which  Is  surrounded  by  an  array  of  holes  which 
vary  In  size  and  location  designed  to  distribute  the  gas  flow  evenly  while 
the  lower  grid  has  a  uniform  array  of  1/4- inch-diameter  holes.  The  lower  grid 
was  designed  to  smooth  out  any  minor  Irregularities  In  the  pressure  distribu¬ 
tion,  thus  presenting  a  uniform  pressure  distribution  to  the  top  surface  of 
the  test  specimen. 

B.2.6  Decay  Chamber 

The  decay  chamber  was  designed  to  serve  three  purposes:  I)  contain 
the  gas  expelled  from  the  charging  and  expansion  chambers  during  decay  opera¬ 
tion  such  that  the  gas  might  be  purified  and  reused;  2)  protect  the  load 
cells  from  ambient  contaminants;  and  3)  reduce  the  noise  level  associated 
with  testing  operations.  The  chamber  consists  of  two  sections  as  shown  In 
Figure  2.1.  The  lower  section  Is  fitted  with  four  access  ports  for  tubing  and 
electrical  connections  necessary  for  operation  of  the  load  cells.  The  upper 
section  is  fitted  with  a  large  access  port  to  provide  access  to  the  load  cells 
for  adjustment  and  minor  repair.  All  Junctions  are  fitted  with  0-rlngs  to 
provide  ai rtlyht  Integrity. 

b.3  operation  of  the  dynamic  load  generator 

B.3.1  Loading  Media 

Two  commercially  available  Inert  gases,  nitrogen  and  helium,  were  used 
as  media  for  loading  test  specimens  and  controlling  operation  of  the  DLG. 
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Inert  gases  were  required  to  prevent  an  explosion  which  could  result  If  a 
combustible  gas  were  suddenly  compressed. 

Helium,  being  the  lighter  gas,  is  used  as  a  loading  medium  when  very 
fast  rise  times  and/or  decay  times  are  required,  while  nitrogen  gas  is  used 
as  a  loading  medium  at  other  times  because  of  the  lower  cost  of  the  gas. 
Facilities  are  available  to  reclaim  and  pressurize  helium  after  testing. 
Nitrogen  is  used  almost  exclusively  to  control  the  operation  of  the  DIG. 

B.3.2  Operating  Procedure 

Upon  completion  of  the  preparation  of  a  test  specimen  as  described  In 
Section  3.3.2,  Including  the  placement  of  the  clamping  ring  and  the  sealing 
ring  OTing,  the  specimen  container  was  ready  to  be  placed  on  the  bearing 
plate,  as  shown  In  Figure  2.1.  The  hydraulic  Jacks  on  the  cart  were  pressur¬ 
ized  to  raise  the  base  plate  off  the  edge  plate  supports,  and  the  speslmen 
container  was  pushed  in  place  over  the  bearing  plate  and  lowered  to  rest  on 
the  bearing  plate.  The  seal  ring  was  raised  hydraulically  and  bolted  to  the 
support  system,  and  the  necessary  connections  wore  made  to  the  ports  in  the 
seal  ring,  if  adjustments  of  the  rise  or  decay  times  were  required,  they 
were  adjusted  inside  the  decay  chamber.  Following  any  such  adjustments,  the 
access  port  was  sealed.  The  remainder  of  the  loading  and  firing  operation 
is  dependent  upon  the  control  medium  and  control  electronics. 

As  the  load  cell  Is  shown  In  Figure  B.l,  the  main  and  decay  valve 
triggering  mechanisms  have  been  cocked  and  the  load  cell  Is  ready  to  be 
pressurized.  The  chambers  behind  the  trigger-actuating  pistons  are  pressurized 
to  accelerate  the  main  valve  carts  when  the  load  solenoid  Is  energized.  The 
chambers  below  the  main  valve  actuating  pistons  are  pressurized  to  accelerate 
the  main  valve  pistons  when  the  main  valve  carts  are  moved  to  allow  the  main 
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valve  shaft  to  move  upward.  The  chambers  above  and  below  the  decay  valve 
actuating  pistons  are  pressurized  such  that  a  small  net  downward  pressure 
is  maintained  and  the  decay  valves  are  held  closed  until  the  decay  valve 
triggering  mechanisms  are  actuated. 

The  test  is  initiated  by  the  energization  of  the  load  solenoids  and 
the  consequent  opening  of  the  main  valves.  With  the  main  valves  open,  the  gas 
in  the  charging  chamber  flows  through  the  main  cylinder  ports  and  grids  and 
then  onto  the  loading  diaphragm.  The  unloading  cycle  is  Initiated  by  the 
energization  qf  the  decay  solenoids  which  actuate  the  decay  valve  triggering 
mechanisms  venting  the  gas  In  the  chamber  above  the  decay  valve  actuating 
pistons.  The  unbalance  in  the  pressure  then  is  acting  in  the  opposite 
direction  and  the  decay  valves  open,  allowing  the  gas  in  the  charging  and 
expansion  chambers  to  flow  through  the  ports  in  the  decay  valve  cylinders 
to  the  decay  chamber.  Following  the  test  the  gas  in  the  decay  chamber  may 
be  reclaimed  for  future  use  or  vented  to  the  atmosphere. 

B.3<3  Control  Instrumentation 

In  order  to  achieve  as  fast  a  pressure-rise  time  as  possible  and 
maintain  a  relatively  uniform  pressure  distribution  over  the  surface  of  a 
test  specimen,  an  electronic  fourteen-channel  counter  was  utilized  to  preset 
the  time  at  which  each  of  the  seven  solenoids  was  to  be  actuated.  The  time 
of  firing  of  each  load  cell  was  monitored  by  magnetic  pickup  devices  mounted 
It  a  common  point  on  each  load  cell  In  conjunction  with  steel  plates  mounted 
on  the  main  valve  shafts.  The  passage  of  the  steel  plate  by  the  magnetic 
pickup  generated  an  electrical  signal  which  was  recorded  on  tape  and  served 
to  Indicate  the  time  when  a  particular  load  cell  fired.  Comparison  of  the 
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times  of  firing  for  the  seven  ioad  cells  provided  the  basis  for  adjusting  the 
firing  presets  to  attain  as  near  a  simultaneous  firing  of  the  load  cells 
as  possible. 

The  fourteen-channel  counter  was  also  employed  to  preset  the  time  at 
which  the  decay  solenoids  were  actuated.  The  energizing  of  the  decay  solenoids 
was  not  as  critical  as  the  load  solenolds^so  no  previsions  were  made  to  monitor 
the  tines  at  which  movement  of  the  Individual  decay  valves  occurred.  The  dwell 
of  the  surface  pressure  over  the  test  specimen  was  also  established  by  the 
fourteen-channel  counter. 
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